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INTRODUCTION

This project was a three-year effort to examine several fundamental

issues in protecting electronic circuits from damage by transient

overvoltages caused by lighting and detonation of nuclear weapons (EMP).

The work in the proposal was divided into three areas: (1) numerical

analysis of nonlinear equations that describe fundamental protection

circuits, (2) investigation of reflection, transmission, and absorption of

energy by transient protection circuits, and (3) investigation of nonlinear

series elements for overvoltage protection circuits.

This research project was funded one year at a time with mone" from the

U.S. Army Harry Diamond Laboratories, It was necessary to shift the goals

and topics of this research project each year in order to match the

sponsor's program.

first year (Aug 1987--Aug 1988)

The principal topic during the first year of this project was a review

of ways to make spark gaps conduct in subnanosecond times. This effort was
1.completed in March 1988 and described in an Army report

Traditional surge (overvoltage) waveforms are defined with just three

points: two points on the leading edge of the wave and one point on the

tail. Such a crude definition is inadequate for mathematical analysis of

surge protection circuits. Therefore, it was necessary to find mathematical

representations for the standard surge waveforms that were consistent with

the traditional specifications. The results of this research effort was

published as a short paper in the IEEE Transactions _n Electromagnetic

Compatibility and is reprinted in this report. Most of the unipolar

IR. B. Standler, "Technology of Fast Spark Gaps," U.S. Army Harry Diamond
Laboratories Contractor Report HDL-CR-89-078, 44 pp., Sep 1989.



waveforms could be described as double exponentials, however the 8/20 ýIs

current waveshape can not be described as a sum of two exponential

functions. During this work it was discovered that the 100 kHz Ring Wave

specified in ANSI C62.41-1980 can not be satisfied with a simple damped

cosine waveform, The paper gives a more complicated relation that is

continuous everywhere, as well as an "almost satisfactory" damped cosine

relation.

The remainder of the first year of this project was devoted to (1) a

comparison of different commercially-available laboratory surge generators

and (2) a proposal to define surge waveforms with equations, rather than

with just three points. The results of this work were presented at the

Eighth International Zurich Symposium on Electromagnetic Compatibility, and

are reprinted in this report. As a result of this research work, the

principal investigator was appointed Chairman of the Task Force that wrote

the specification and tolerances for the standard surge test waveforms in

ANSI C62.41-199X.

Evaluation of commercially-available surge generators for the 100 kHz

Ring Wave showed that three different models of generators did not produce

the same waveform. Thus there was a correspondence between (1) a

specification that could nct be translated into a simple electrical circuit

and (2) a lack of reproducibility of laboratory waveforms among different

equipment vendors. In other words, the neglect of theoretical

considerations (mathematical simplicity) caused a practical problem. Such

situations are all too common in engineering. The principal investigator

has corrected this situation by inserting the simple damped cosine as the

nominal 100 kHz Ring Wave specification into the revision of ANSI C62.41.

To prevent making existing generators unacceptable, the principal

investigator specified tolerances that would include the waveform from the

old specification as well as the new, damped cosine. The principal

investigator's proposals have been accepted by the IEEE Power Engineering

Society Working Group 3.6.4 that is revising ANSI C62.41. This revision of

should be completed and approved in 1990 or 1991.

Use of equations to specify nominal surge waveforms ftý su:6



is not only more precise than the traditional three-point specification, but

the use of equations with specific numerical values for time constants makes

it much easier to design laboratory surge generators, as well as making it

possible to do computer-aided design of overvoltage protection circuits.

This work was also noteworthy in that numerical algorithms were

developed for objective evaluation of surge waveshapes. As noted in

Appendix 2 of the Zurich paper, these algorithms could increase the

resolution of the data from the digital oscilloscopes.

Another task completed during the first year of this project was the

development of a module that contained both overvoltage protection and a

lcw-pass filter for protection of equipment on the ac supply mains. The

results of this work were reported at the IEEE Industry Applications Society

Industrial and Commercial Power Conference in 1988. A copy of the

conference paper is included in this report. Noteworthy topics in this work

are the (1) synergistic actions of voltage clamping and filtering to

attenuate disturbances on the mains and (2) the design of a filter that does

not form a resonant circuit with realistic load impedances. This paper is

one a very few treatments in the archival literature of the role of low-pass

filters in overvoltage protection.

second year (Aug 1988--Aug 1989)

Development of circuit models for TPD components (metal oxide

varistors, spark gaps, anc avalanche diodes for transient suppression) and

their incorporation in the SPICE circuit simulation program was scheduled to

be the principal effort during the second year of this project, Harry

Diamond Laboratory staff insisted on the use of SPICE because they had

already sponsored the development of SPICE code and they preferred to add to

existing tools, rather than reinvent them. The disadvantage of adding code

to SPICE is that the SPICE code is very large: current versions of SPICE

require overlays in order to run on an IBM PC desktop computer, even with

the maximum 640 kB of memory. Many people have participated in the

developm-nnt of the source code over the last twenty years and the present

SPICE program is very sophfst4-eted. Thcrefue, adding to the SPICE pr.6ram



is not a minor undartaking. However, in the second year of this project the

level of funding was cut to half of the amount in the contract with the Army

Research Office due to government-wide budget cuts, which annihilated our

circuit analysis work with SPICE.

The principal task during the second year of this project was the

development of a novel circuit that met the following criteria:

1. signal bandwidth from dc to at least 100 VIz,

2. impedance matched to a 50 a transmission line,

3. survive an 8/20 ps waveshape with a peak current of 3 kA, and

4. have a clamping voltage of less than 20 V across the protected port.

Such a circuit would be useful to protect radio receivery and computer

local-area networks from damage by transient overvoltages. This effort was

successful. Details are given in a paper that was submitted in Sep 1989 to

IEEE Trans. on Electromag-etic Compatibilit for review and publication. A

draft copy of this paper is included in this report.

Several engineers have calculated the "energy in a surge" from

measurements of the voltage, V, and the relationship

1 V2 dt

The principal investigator analyzed this technique and concluded that it was

flawed for a number of different reasons. The analysis was presented at the

IEEE National Symposium oiu Electromagnetic Compatibility in March 1989. A

copy of the conference paper from the printed record is included in this

report. This work is noteworthy in that SPICE was used to compute current

and voltage in a network that was excited by standard surge waveforms.

nonlinear series devices

Conventional surge protection components are normally nonconducting,

but during an overstress they have a resistance of the order of 1 0 or less.

Such devices are placed in shunt with the equipment to be protected. Any

solid state device that can tolerate kiloampere surge currents must have a

large cross-sectional area, which makes the parasitic capacitance large.

This large capacitance makes these devices inappropriate for application-

where signal bandwidths of more than 100 kHz are required. Moreover, the



magnetic field from the large surge current can induce deastructive voltages

in neighboring conducting loops. This insidious side effect of the surge

current has been discussed in detail 2

A nonlinear series device would be a useful addition to the overvoltage

protection armamentarium. Such a device would be normally conducting (ie.,

resistance less than 10 0), During an overstress, the device would 1'va a

large resistance (e.g., more than I kO). Such a series device would limit

surge currents to shunt protective devices downstream. In particular,

avalanche diodes with a small junction area could be fabricated at the

input/output terminals inside an integrated circuit as the final overvoltage

protection device.

Nonlinear series devices may also be useful in designing protective

circuits against long-duration overstresses, which have durations of at

least a few milliseconds. Such overvoltages are commonly produced by

switching power-factor correction capacitors on electric power distribution

systems or by continuing current in cloud-to-ground lighting flashes that

strike overhead power lines. They may also be generated by magneto-

hydrodynamic electromagnetic pulses from nuclear weapons. Conventional,

economical shunt protective devices can not absorb all of the energy in a

long-duration overstress without damage or degradation.

Several different polymer positive temperature coefficient (FTC)

resistors were exposed to large surge currents (e.g., 500 A to 3 kA peak,

8/20 :s waveshapol) in the principal investigator's laboratory during the

second year of this project. All of the samples exploded. Examination of

the failed component showed evidence of an arc channel between the sharp

ends of the cylindrical electrodes. An invention disclosure was prepared

that suggested a modified design by (1) bending the electrodes so that the

sharp ends were no longer in a region of intense electric field and (2)

placing a ceramic plate between the electrodes to force the current in the

2 R.B. Standler, Protection of Electronic Ciicuits from Overvoltages, New

York: Wiley-Interscience, pp. 127-128, 209-213.



conductive polymer to have a longer path, which might help avoid an arc

channel. The invention disclosure is currently (Nov 1989) being evaluated

by the manufacturer of the polymer PTC devices, Raychem Corporation.

A preliminary effort was made to evaluate the use of depletion-mode

power MOSFETs as series elements in surge protection circuits, The

parasitic diode between the drain and source terminals prevented this device

from being useful in simple protection circuits.

third year of project

The principal investigator will move to the University of Kentucky in

July 1990 and the third year of this contract vill be performed at that

institution. At the present time (Nov 1989), severe budget cuts have

removed all Harry Diamond Laboratory money that was to be allocated to this

project. If funding is restored, work will continue on developing models of

overvoltage protection circuits in SPICE and will begin on experimental

evaluations of propagation of surges on transmission lines.

In 1987-1988 the principal investigator wrote FORTRAN programs to take

the equations for standard surge test waveforms and produce a piecewise

linear representation for current (or voltage) that was suitable for

inclusion in a SPICE circuit file. This was not a simple task, since there

were conflicting requirements:

1. small number of points in the piecewise linear representation,

2. small relative error (< 0.5%) in linear approximation, and

3. small relative error (< 20%) in slope of linear approximation.

The considerable amount of work in the development of these piecewise linear

representations was rendered obsolete by a new feature in version 4.U of

PSPICE, which was released in July 1989. In that version of SPICE one can

use the .FUNC command and either the E or G model to place analytical

expressions in voltage or current sources.
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Short Papers

Equations for Some Transient Overvoltage Test first positive and first negative peak does not satisfy the definition in
Waveforms 121. The first negative peak has an amplitude that is 96.7 percent of

V.; however, the relative amplitudes of all other peaks are correct.
RONALD B. STANDLER. SENIOR MEMBER. IEEE To satisfy the definition with (I) requires that the time constant r2

change value between the first and second half-cycles of the
Abstract-Simple equations are provided that satisfy the definitions of waveform. This is not only unphysical, but the methods that I have

five of the most common transient overvoltla test waveforms: the tried spoiled the ratio of amplitudes of the first negative peak and the
rinluwave specified In ANSI C62.41-1980, the fast transent specified in second positive peak.
IEC 801, the 8/20 ps, 1.2/50 ps, and the 10/10O0 pa waveforms. These An accurate representation of the ring wave that is defined in (2]
equalioms are useful for performing computer simulations of the resmponse can be achieved by using (2):
of electronic circuits to transient overvoltages.

Key Words--Overvollage transients, test waveforms. y(t)=A { I -exp (-fir/7) exp (r- ti2) cos (wt)
Index Code--A99e. r

I. INTRODUCTION 
)' BVpy(l + iy), O<t<2.5 As (2)

BVpy, 2.5 gs:st
Transient overvoltages, which, for example. may be caused by

lightning or switching reactive loads, are a common cause of damage where?, = 0.4791 ps. '3 = 9.788tss,w = 2w 10 s-,A = 1.590,
or upset (temporary malfunction) of electronic circuits and systems. B = 0.6205, and n = 0.523. Notice that the value of r, has changed
It is important to assess the vulnerability of electronic systems to from that given above with (I). While this equation is defined in a

damage and upset by transient overvoltages. as well as to test the piecewise fashion. both V(t) and its derivative are continuous for t >
adequacy of protective circuits. To this end. standard publications 0. The effect of this procedure is to make the first positive peak

describe several test waveforms that are representative of transient greater than it was in (I), so that the amplitudes of all of the peaks are

overvnllages 111-131 It was originally envisioned that these standard correct. A plot of (2) is shown in Fig. I.

test waveforms would be used during experiments in a laboratory. il. 8/20 t&s WAVEFORM
More recently, engineers (including the author) have also performed
computer simulations of the response of circuits to transient A simple mathematical expression for the 8/20 As current
overvoltages. waveform that is specified in [11-13] is 1(t), as given by (3):

The standard documents define test waveforms in terms of front 1(1) =Alt1 exp (-tit) (3)
time, time to fall to half the peak value, amplitude, and, when
appropriate, oscillation frequency. No mathematical relations are where A = 0.01405 (As)k k = 2.93, r = 3.977 As. I is the time
given in these standard documents. Equations would be convenient in microseconds, and Ip is the peak value of the current. Unfortu-
for engineers who wish to perform computer simulations of transient nately. this expression cannot be integrated analytically to obtain the
protection circuits. Further. having the time constants (rather than charge transferred. A good approximation, which can be integrated
front time and time to half-value) makes it easier to design RLC analytically, results when the constants have the following values: k
pulse-formin6 networks (PFN's) for use in laboratory pulse genera- = 3.0, r = 3.911 As. and A = 0.01243 (AS)- 3. A plot of (3) with k
tors. = 3.0 is shown in Fig. 2.

II. 100-kHz RING WAVEFORM The t3 approximation gives a front time that is 0.3 percent too
large, and a time to half-value that is 0.3 percent too small. However,

A simple mathematical expression for the 0.5-Ais-100-kHz ring this smafferror is outweighed by having an equation for current that
wave that is specified in [2] is V(t), as given by (I): can be integrated analytically. The standards [i], [31 specify a

V(t) =A VI, {I -exp (- t/l,)) exp (- 1/r2) cos (wot) (1) tolerance of ± 10 percent for both the 8-As front time and the 20-ps
time to half-value, so the 0.3-percent error in using the tP

where ri = 0.5334 As. %2 = 9.788,us. w = 2r' 105 s-', A = 1.590, approximation is well within acceptable limits.
i is the time. and Vp is the maximum or peak value of V(t). It should be noted that the 8-ps "virtual duration of wavefront" is

The definition of the ring wave in 12] states that the amplitude clearly defined in [1 and [3]. If the initial part of the waveform were
decays to 60 percent between adjacent positive and negative peaks. a linear function of time (it is not), then the virtual duration of the
These peaks occur 5 A~s apart, except that the first positive and first wavefront would be the time between the initial zero and the peak, or
negative peaks occur about 3.9 As apart (owing to the rise-time term). crest, of the waveform.
The decay of the ring wave in (I) is given by the exp (-t/r%) term, IV. 1.2/50 u WAVEnORM
where the value of T2 is determined by

exp - 5 Asl-r2) = 0.6. The 1.2/50 As voltage waveform that is specified in [1]-[31 is V(t),
as given by (4):

In the representation given by (I), the decay of amplitude between the V(1) = A Vp 1 - exp (-fr)) exp 11,r2) (4)

Manuscript received January 15. 1987: revised October 10, 1987. where r, = 0.4074 tAs, rz = 68.22 As, A = 1.037, t is the time, and
The author is with the Department of Electrical Engineering, Pennsylvania

State University, University Park. PA 16802. Tel. (814) 863-1470. Vp is the peak value of VQ). The standards (Ii, (31 specify that a
IEEE Log Number 8718467. tolerance of ± 30 percent applies to the 1.2-As front time and a

0018-9375/88/0200-0069$01.00 © 1988 IEEE
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tolerance of ± 20 percent applies to the 50-As time to half-value. A piecewise continuous expression that is given in (6):
plot of (4), with the parameters for a 1.2/50 ;s waveform, is shown in r
Fig. 3. V(0 V,1l0 ps)1, for 0_: t l 10 ps (6)

V. 101000S WAEFOR Vp, exp ( - (t-10 us)/I1428 As), for t> 10 AS.V. 10/1000 ps WAVEFORM
While the piecewise representation is advocated in (4], it has theThe 1011000 p.s waveform represents transient overvoltages that disadvantage of having a discontinuity in the derivative at t = I0ps,

appear on telephone lines during thunderstorms (4], [5]. While it is while the of havine ntini in he derivative at 1
obvious from the designation "10/1000ps" that the "front time" has double exponential model has continuous deivatives of all
a duration of 10 ps, it is not clear how this word is properly defined orders. For this reason, I favor the use of (5) instead of (6).

for this waveform. Three different definitions have been used. Bodle VI. IEC EFT 5/50 ns WAVEFORM
and Gresh [4] appear to have used the word "front time" to indicate Recendy, the [EC has defined an "electrical fast transient" (EFT)
the time between the initial zero and the peak value. As a second test waveform that has a 5/50 ns shape [7]. A simple mathematical
definition, Bennison et al. [5] used the standard definition of "rise expression for this waveform is Vt), as given by (7):
time" in electronic engineering, the time interval between the 10- and
90-percent points of the waveform. The third definition, which is Vt)=A Vp(l-exp (-t/rl)} exp (-t/%) (7)
present Bell Communications practice [6], is to use 1.25 times the
interval between the 10- and 90-percent points on the leading edge of where r1 = 3.5 ns, 72 = 55.6 ns, A = 1.270, t is the time, and V, is
the waveform as the 10-pus front time. This last definition is the same the peak value of V(t). The standard specifies tolerances of ± 30
as that used for the 8/20 ps waveform [11, [31 and is consistent with percent for both the 5-ns rise time and 50-ns duration. A plot of (7),
common high-voltage laboratory practice. A simple expression for with the parameters for the EFT, is shown in Fig. 5.
this voltage waveform, with the third definition of front time, is V(t), VH. CONCLUSION
as given by (5):

A plot of three overvoltage test waveforms is shown in Fig. 6. The
V(t) =4A V,, (I - exp (- t/rj)} exp (- t/r2) (5) EFT waveform is not shown in Fig. 6 because, on this scale, it would

be a vertical line at t = 0. The 8/20 ps waveform is also not shown in,
where 1 = 3.827 ,s, r2 = 1404 ps, A = 1.019, 1 is the time, and Fig. 6 because it is a current waveform, not a voltage waveform. As
V, is the peak value of V(t). A plot of (5), with these parameters for a shown by Figs. 4 and 6, the 10/1000 ps waveform provides a
10/1000 As waveform, is shown in Fig. 4. relatively long duration unipolar stress. The 1.2/50 pAs waveform and

The 10/1000 ps waveform may also be represented by the the 8/20 ps current waveform are shorter duration unipolar stresses.
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Fig. 6. Various overvoltage test waveforms.

The 0.5-ps-100-kHz ring wave is the only oscillatory waveform in
the collection of test waveforms reported in this paper.

A test waveform in the laboratory, of course, will not exactly
match the waveform given by these equations due to loading by the
device under test. The tolerances of components in PFN's and the
parasitic inductances and capacitances in components in both the PFN

and test fixture may cause additional discrepancy. Several of the
standards, as noted above, specify tolerances between ± 10 and ± 30

percent for the front time and time to half-value. The output of a
surge generator of unipolar waves is unacceptable only if its rise time
or time to half-value fails to meet the criteria specified in the
appropriate standard.

There does not appear to be a simple mathematical definition for
the ringwave that agrees with the definition in ANSI Standard
C62.41-1980. This document is now being revised, and I hope to
modify the definition slightly.
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STANDARD WAVEFORMS FOR SURGE TESTING:

EXPERIMENTAL EVALUATION AND PROPOSED NEW CRITERIA FOR TOLERANCES

Ronald B. Standler

The Pennsylvania State University

University Park, PA U.S.A.

An experimental evaluation was conducted to of the Working Group that is presently
compare waveforms from high-voltage surge revising ANSI C62.41-1980 [3], has proposed
generators to the waveform specifications. adding tolerances to the 100 kHz ring wave in
Generators from three major manufacturers were the revised version. Part I of this paper is
evaluated for (1) the combination 1.2/50 ps useful to assist in setting tolerances on the
voltage and 8/20 ps current waveform and (2) 100 kHz ring wave: It is important that
the 100 kHz ring wave specified in ANSI tolerances in future versions of standards not
C62.41-1980. Changes in the waveform when the make existing ring wave surge generators
surge generator was connected to metal-oxide unacceptable. If we could avoid making a
varistors or a 0.1 MF capacitor were also model of a commercial 100 kHz ring wave
described, Finally, proposals are made for generator unacceptable by specifying
more complete specifications for the 1.2/50 tolerances of, for example, ±20% instead of
and 8/20 gs waveforms. ±10%, then it would be desirable to accept the

slightly broader tolerance in the revised
introduction version of ANSI C62.41.

Transient overvoltages, which, for example, Present Soecifications for Waveforms
may be caused by lightning or switching The unipolar waveforms considered in this
reactive loads, are a common cause of damage paper are specified by giving the front time,
or upset (temporary malfunction) of electronic duration, and peak value. Fig. 1 shows a
circuits and systems. It is important to typical unipolar current waveform and three
assess the vulnerability of electronic systems points, tl, t 2 , and t 3 that occur at the 10%
to damage and upset by transient overvoltages, and 90% points on the leading edge and the 50%
as well as to test the adequacy of protective point on the tail. The virtual origin, to, is
circuits. Standard publications specify the the time that a straight line through the 10%
traditional 1.2/50 ps voltage impulse and the and 90% points on the leading edge of the
8/20 Ws current waveform in references C1,2] surge reaches zero current. The front time,
and the newer 100 kHz ring waveform in [3] as tf, and duration, td, are defined by
representative of surges on ac supply mains. tf - 1.25 (t 2 - tl) (1)
Standard waveforms are defined only for an td - t3 - to (2)
ideal load: either an open-circuit for voltage
waveforms or a short-circuit for current
waveforms. The behavior of the surge
waveforms under other types of loads, e.g., to
varistors or capacitors, is unspecified.

Part I of this paper reports how well
several commercially available surge 07

generators meet the specifications for the C of
1.2/50 and 8/20 ps and 100 kHz ring waveforms. 0 - - -- -
Part II of this paper examines the effects of o
three different loads on the voltage and

0 3current waveforms. Part III of this paper
suggests more comprehensive specifications for 02
adequate surge testing waveforms.

The specifications for the 1.2/50 ps and t2 t3
8/20 ps waveforms contain tolerances for the T o e
front time, duration, and peak value that
define these waveforms. Part I of this paper
is useful as a routine review of the
performance of the 1.2/50 ps and 8/20 ps Fig. 1 Pictorial definition of points on a
waveform generators. There are no specified unipolar waveform that are used to
tolerances for the parameters of the 100 kHz define the front time and duration.
ring waveform. F.D. Martzloff, the Chairman



For a unipolar voltage waveform, the same Generators B, Q, and R were used with the
procedure is used except than the value of t, back filter supplied by the manufacturer. For
is determined at the 30% point on the leading short.circuiC testing of generators B and R,
edge and the front time is determined by the mains were disconnected. For other

- 1.67 (t 2  tl) (3) loading of generators B and R, the mains were
The ýisrorical reasons for these connected and the surges were applied when the
specifications are given in (4). instantaneous value of the mains voltage was

zero. For all measurements with generator Q
the three conductors (hot, neutral, and earth)The specifications for the 8/12 ps current were coniocted together on the mains side of

waveform call for tolerances of t 10% on the the back filter to simulate the small
8 As front time, 20 As duration, and peak impedance of the mains. The other surge
value. The specifications for the 1.2/50 As generators were designed to give the proper
wave call for a front time of 1.2 As ± 30%, a waveform without a back iliter, And were
duration of 50 As i 20%. The peak voltage is tested without a back filter. These different
to be specified within 1 3% test situations were reqvu-ed by the design of

The 100 kHz ring wave is specified by a the surge generators and Lne specific cables

0.5 As rise time of the leading edge, and a that were supplied by the manufacturer.
10 As period for the oscillation. The rate of Specifications for overvoltage test
decay of the oscillation is specified by Spefication for idealize les:
stating that the ratio of amplitude is 60% for waveforms are given for idealized loads:
adjacent peaks of opposite polarity. The rise voltage waveforms are specified for an cpen-
time has the usual definition in electrical circuit load, current waveforms are specified

engineering, the time difference between the for a short-circuit load. Therefore. only

901 and 10% point& on the leading edge of the open-circuit and short-circuit loads were used

waveform. There is no factor of 1.25 or 1.67 for this part of the experiment.

in the definition of rise time, which
distInguishes "rise time" from "front time". Because the voltage across the energy

There are no tolerances in t-e specification storage capacitor inside the surge generator

for this ring wave. ray be proportional to the rms mains voltage,
a ferroresonant line conditioner was used to

PART-I: Exoericental Results provide an essentially constant rms mains
voltage during these experiments.

Several commercially available surge
generators were obtained and the output In order to reduce the number of variables,

voltage and current were measured with divital the peak open-circuit voltage of each

oscilloscopes for each of the following generator was adjusted to approximately 1 kV.

waveforms. Generators A, B, C provided the The amplitude control on the front panel of

combination 1.2/50 ps voltage wave and 8/20 Ws the generator was not adjustecd during the

current waveform. Generator D provided the remaining experiments with that waveform.

8/20 As current waveform. Generators P, Q, R
provided the 100 kHz ring waveform. Most of Does-the actual waveform satisfy the

these surge generators were loaned by their specificatiors ?

manufacturers (Haefely, KeyTek, Velonex) on Thu paraneters for each experimental

the condition that the perforriance of specific waveform (front time, duration, etc.) were

models of generators not be identified. All determined and compared with the nominal

seven generators are presently being values in the relevant specification. :n this
oanufactured, none are obsolete. anner, an objective assessment can be ..,,c onthe adequacy of the waveforms in meeting the

Fig. 2 shows the connection of the surge iý&quirements of the standards.

generator, the load. and the measuring
instruments. A pair of digital oscilloscopes Because the data taken from the digital

were used to measure the voltages and oscilloscopes is quantized, the data contain

currents. Details of the ,nstrunentation are random fluctuations of one or two least

given in Appendix I. significant bits in addition tr small
oscillations that may be part of the actual
waveform. To suppress errors caused by these
fluccuations and oscillations, a limited
amount of processing was done to obtain the
peak *:olue, -the 10% (or 33%) and ý0% pointa on
the leading edge of the waveform, and the 50%
point on the tail of the waveform. The
details of this processing are specified in
Appendix 11.

+---. Table 1 gives the measured front time and
+ duration of the 1.2/50 As and 8/20 As

"waveforms. No duration is available for the
1.2/50 ps waveform from ,enerator C because of
an oversight by the author. Fig. 3 shows the
open-circuit voltage wsvefora; Fig. 4 shows
the short-circuit current waveform. In order

Fig. 2 Schematic diagram of apparatus. to have a meaningful comparison of the
waveshapes each set of data was normalized to
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Table !

Moasured Waveshape Paramecors

weAsured discrepancy from nominal

Generator front/duration is front duration

open.circuit voltage

A 1.21 57.43 0.8% 15%
B 1.57 55.2 31 % 10%
C 1.22 1.7%

bhort.circult current

A 9.24 26.70 16% 34%
B 8.36 25.72 7% 29%
C 10.86 28.50 36% 42%
o 8.34 24.28 44 21%

- gRil; wave The measured parameters for the
ring wave are given in Table 2. The
definition of the ring wave in 13 gives
specifications only for the voltage waveform,I although Table 2 also gives parameters for the

current waveforra. The open-circuit voltage
waveforms for all three generators Is shown in

5 The value of the inltia w peak Was
normalized to 1.0. So that the variations in

4 frequency could be clearly seen, an offset was
added to time in Fig. 5 to make all of the

I waveforms have a first zero-crossing after the

initial peak at t-0. Notice in 1ig. 5 that
the waveshape of the first peak is remarkably

.5 IS 0 , , different for each of the three generators.
The waveform from generator A has several

Fig. 3 Open-circ.,_ voltage waveforms from reversals in siope during the first cycle.
generators A and B. The actual
peak values were 867 and 952 V. There are three amplitude ratios given in

Table 2. The value in the left column is the

ratio of the amplitude of the first two peaks,
the value in the middle column is the ratio
for the second and third peak, and the value
in the right colutn is the ratio of the third
and fourth peaks. Notice that the amplitude
ratio changes significantly between half-
cycles for soite of the generators. Part of

I the reason for this is that the specification
feo the waveform can not be satisfied by a=• • coi•ne waveform with an exponentially decaying

• • / mplitude [91.

Martzloff (5] discussed properties of two
., • N .different surge generators for the 100 kklz

T ;.L •sring wave that gave essentially the same open-
circuit voltage waveform but different short-

Fig. 4 Short-circiit cuient waveforms circuit current waveforms. Such a result is
from generators A, e. and C. The easy to understand. Common surge generators
peak currents were 392, 606. and have a pulse-shaplng network that is composed
555 A. of resistors, capacitors. and inductors.

There are different networks that will provide

the same open-circuit voltage waveform.

have t te ialue of daa offsethe However, when a short-carcuit Is applied

added to tige in each set of data to 0ake the across the output terminals, one would expect
iuifferent output current %aveforms because

Note that all of the measured duratiors are dfferentr components in tehe pulsehaping

significantly longer than the nominal value.are shorted.

A1 of the generators met, or nearly met, the Effective Imoedance

Noneificatioenerators sati5sfy tae o In an attempt to make the behavior of surge
Nnne of the generators satisfy the generators more reproducible when used with
speifations m oreovr headurltfon of the gene r s ddifferent loads. Martzloff ý61 used the
not atifoymoreover half of the generators do concept of "effective impedance," the ratio of
nor satisfy the specification for front time, peak open-circuit voltage to peak short-



Table 2
Xeasured Waveshape Parameters for 1CO lazz Ringwave

_ disred ncv from.nomina
Generator rise ratio of frequency rise ratio of freq.

time gs peaks 1 kiz time neaks % 1

open-circuit voltage

p 0.38 51 67 65 103.5 -24% -15 12 08 3.5
Q 0.39 66 69 70 76,5 .22% 10 15 17 -23.5
R 0.63 73 72 49 94.6 +26% 22 20-18 -5,4

short.circuit currenit

p 0.85 56 52 53 164 not specified
Q 0.00 88 30 39 83
R 0.77 66 47 87

acceptable for testing of components, but
V presents difficulties when the surge generator

." .? is to be coupled to nongrounded conductors for

''. k\ tesctng vulnerability of electronic equipment.

IS\ Often surge generators are connected to
test equipment that is powered from the ac

:/' -" \ supply mains. In order to inject a high-Sj/ ,/',,N,_• voltage surge on the mains, a "back-filter"
,n 7 must be inserted between the supply and the

generator so that nearly all of Lhc Surge
'current goes into the equipment under test.

Conventional back filters consist of a series
inductor and capacitors shunted across the

- line on the mains side of the filter. The
series inductor presents a smaller impedance

Fig. 5 Open-circuit voltage waveforms from to lower frequencies components of the surge
generators P, Q, and R. The peak waveform, so that the back filter will modify
voltages were 981, 934, and 980 V. the surge waveform. Pichman ý71 has suggested

that the back filter be considered part of thevoltage and abort-circuit current have their surge generator, so that the generator willvoltage and short-ciffuirrent hs ththeir give the proper waveshape when the back filter
peaks at different times, the effective is connected. Tests of the effects of back
impedance is not the Thevenin impedance of the filters on waveforms was beyond the scope of
surge generator. While Martzloff admitted

ehat affective impedance was not a rigorous
parameter, it is easy to determine and Part 'I 'hat is the effect of other Loads •
ccnvenient.

Specifications for overvoltage test
Table 3 shows the effective impedance waveforms are given for idealized loads:

val-es for six generators in chis study. The voltage waveforms are snecified for an open-
specif'cations give no tolerance for this circuit load, current waveforms are specified~portant parameter. for a short-circuit load. When a voltage

waveform is used to test insulation, the
otjer-considerations actual load approximates an open-circuit.

Soce surge generators have one output '.en a current waveform is used to test a
tertihi connected to earth. T'[his is device with a small resistance, V/I, the

Table 3
Effective impedance of Generators:

open-circuit voltage/short-circuit current

Generator Measured Value Nominal Value Discrepancy

combination 1.2/50 and 8/20 ps

A 2.22 0 2 0 +11%
B 1.56 0 2 0 -22%
C 1.73 o 2 0 -14%

100 _Hz ring wave

P 13.2 0 12 0 +10%
Q 35.0 n 30 0 +17%
R 10.3 o 12 a -14%



e- o r i
actual load Approximatýeg a ghort.eircujr, ?,.Jt -he eapacitor is typical of those inl !04.
for Other type0s of tests, the aCtual. load may pass Filter.- for connection to the ac supply
be far from the luealized optf-cirwuit_ or mcain.-: 1: had a mtallized polYester
short-c ircuit. dialectric which is self-haaling after

breakdown. The specific =odel used in theTo evaluate the effects of different loads upermnta had a de voltage rating of 6 kV.
on the waveform, the output voltage and A resistance of 6.8 Mo was permanently
current of each generator was seesured for connected in shunt with tha capacitor for
each of the following condition!;: safety rcauo-%s.
1. open-c~rcuit,
2. shortcircruit, The results of this part oC tne experiment
3. m-etal-oxide varistor (XCV) rated for are su nariied in Table 4 for the combination

service Ott 130 V rms mains, waveform and in 'Table 5 for the 103 kilt ring
4. metalzoxide varistor 04OV) raced for wave. A plot of the normalized voltage across

service on 320 V rms mains, and a varistor from two combination waveform
S. 0.1 wF capacitor, generators is shown in Fig. 6.

T he two varistors are typical of devices Wh~en a voltage waveform is applied across a
that are used to protect equipment from short- circuit or a load with a small value of
overvoltages on the mains. The 130 V model V/1, the current is determined by the output
has the lowest conduction voltage of any model Impedance of the generator as well as the
suitable for connection to mains with a voltage waveform. I;hen a currant waveforms ia
n~ominal voltage of 120 V rms. 'he 320 V model applied across an open-circuit or a load with
has dn appreciable safety margin for a large value of V/1, the voltage across the
connection to mains with a nominal voltage of load is determined by the voltage on the
2 50 V r. Tlhe specific models of the energy storage capac'itor inside the generator,
varistors used in the experiments were as well, as by details of the wave shaping,
Ucrnera' Electric Vl3OHElSO and General 'Mrci in4d th Inrr
~EICt,ýc V'32PA43A.

Table 4
Effect of Various Loads on ;aveshape

voltage waveforms: front/duration pts

generator no load 130 V MOV 320 V MOV 0.1 pF capacitor

A 1.21/57.4 0.70/44.5 0.77/61.5 2.46/5.13
B 1.57/55.2 0.67/30.9 11.05 2,47/5.21
C 1.22 0.38 0.65 2.43/5.24

current wavefora~s: front/duration ps

generator short 130 V MOV 320 v .40V 0.1 pF capacl.tor

A 9.24/26.7 6.54/25.3 :5.1/16.6 1.38/2.90
B 8. 56/25 .7 7.ý3'21-6 6.60/18.8 1.58/3.C2

C 10.36/28.5 .0~. -,27. 2 7.57/20.8 :.26/2.78
D 8.34/24.3 7.7'0/20.' 5.70/12.9 1._4/2.45

Table 5
Effect of Various Loads on 1,v 'K~qz Ringwave ~Voltage Uaveform

generator no load i3n) V M10V 320 V .40V 0.1 p±F capacitor

riserlme (PS)

P 0.38 0.23 0.29 1.09
4 0.39 0.280.4.0
R. 0.63 0.37 0-51 1.27

-ace of decay of first :¶.o pe.;ks~(

P51 B8 58 83
66 967- 55

R. 73 98 86 87

frequency (kj~z)

P103.5 102 103 82
Q76 .5 77 77 62

94.6 ýS 94 87



them concisely 55 years ago: .. the present
wave definitions are not exact. Only the time

to crest and time to half-value of the wave
are specified. Hence it is possible to
conform to these conditions and at the same

>0 time have a wave so distorted with
,i oscillations, that reasonably accurate and""• j comparable voltage measurements [with sphere

gaps] are impossible. The spirit of theII definition assunos that the wave follows
exponential curves." Bý Simple mathematical
relations have been given for the most common

I high voltage tesot waveforms (9:. One goal of
this paper is to suggest ways for a more

I •i C IIcomprehensive specification for high voltage

test waveforms, by comparing actual waveforms
Fig. 6 Voltage waveforrs from generators A to the "ideal" waveform given by the

and 5 measured across a retal oxide mathematical relation.
varistor rated for service on mains
with a nominal voltage of 130 Vrms, Before waveforms from surge generators can

be compared to an "ideal equation," one must
The clamping action of the varistor makes find the ideal. Many engineers :8,10.11) have

the voltage essentially constant when there is stated that the ideal waveshape for nost
an appreciable current in the varistor unipolar voltage waveforms is specified by a
(compare Figs. 3 and 6). For example, the double exponential relationship, Eqn. 4
peak open-clrcuit voltage of generator 3 was V(t) - A V ( I - exp(.t/y,) ) exp('t/y!)
952 V. while the peak voltage across the 130 V i()
rts rated MOV was only 317 V This clauping Zqn. 4 represents the solution for the output
action of the varistor -akes tne ratio of voltage of coc-jron. RC pulse-shaping networks
successive peaks of the ring wave be larger used in surge generators, so there can be no
than the specified 60%, as shown in Table 5. doubt that this is the ideal relationship.

lhen the capacitive load is connected, the * the double exponential relation and the
rise time for voltage is increased for all nominal values of parameters A, TI, and Y2
waveforms, This would be expected since the were accepted as the Ideal waveform, then one
output resistance of the generator and the might evaluate surge generators by fitting the
capacitance of the load forms a low-pass actual waveform to the ideal equations (e.g.,
filter. The capacitive load decreases the by the method of least-squares) and examining
oscillation frequency of the ring wave, as the resulting values of the parameters.
would be expected. Tolerances would be specified for the

parameters in the double exponential relation,
PFRT .1:_! .Me colrrehensivy specificaiios rather than the present pratice of specifying

tolerances on the front time and duration.
The decision on whether or not a unipolar Fitting the actual waveform to the ideal

waveform is satisfactory is determined after equation and examining the resulting
considering the value of the waveform at only parameters would have the advantage that the
three different points, as shown in Fig. 7. entire waveform is considered, and not just
The author believes that such specifications the value of the waveform at three uifferent
are i.corplete. The waveform should also points. However, if the actual waveform has a
approximate an ideal waveshape and be smooth mm-h different shape than the ideal waveform,
(no large discontinuities, no large undesired the resulting set of parameters is meaningless
oscillations). These are not new (although the values might be within
considerations, McAuley and Benedict stated acceptable limits) If the actual waveform

has a shape that is very near the ideal, then
'I the present criteria for examining just three

* .points is adequate and there is no need for
i complicated curve-fitting to a set of

experimental date. Therefore, fitting the
actual waveform to an ideal equation is no_ a
desirable qualification test for the waveform.

proposal for acceptable waveform
A more comprehensive specification would be

to construct bounoaries for variations in a
test waveform so that tolerances apply over
most of the waveform, and not just at several
points. This effort can be done in either the
time or frequency domain (1) by specifying a

':-e region in the C. V(t) plane, or (2) by
evaluating the Fourier transforms of the

Fig. 7 The traditional specification of a waveform and the equation for the nominal
unipolar waveform uses three points value of V(t), and then specifying a region in
on the waveform. Cospare with the w, V(w) p:ne Examples of proposed
Figs. I and 9.
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tolerances for the time domain are given for References (i,21 give a tolerance of t3%

the 1.2/50 and 8/20 us vaveforms. for measurements of the peak voltaga of a

1.2/50 in- waveform. This appears to be a very

Construction of upper and lower bound strict specification. The vertical amplifiers

curves in the time domain is simple. The in commonly used analog oscilloscOpes have an

upper bound has the minimum front tim, the accuracy of t2% when calibrated to the
maximum peak value, and the maximum duration, umanufacturer's specifications. There is
Theimm l erk b lue, hand the maximum f uro tiadditional error, which is often on the order
The loiniboum hekvalus the nimum fronttof ±3%, in the attenuation of commonly used
the minimum peak value, and /he m high-voltage probes, it appears that the
durateon.For the tolerancs and 8/20 h n measurement error will usually be larger thanwavefor~ns, the tolerances in (1,t•2: have been niae n
used to establish these maximum and minimum the t3% tolerance between

values, nominal value. It may be appropriate to
change the tolerance on the peak value to, for

nr.ooosed tolerances on thl. 2/50us_waev frm example, ±10%.

The 1.2/50 us waveform is used as an
example of how to construct an upper and lower Tro osed i s o oub e exponenti al

bound for an acceptable double exponential there is no double exponential
waveform in the time domain. As the upper and representation for the 8/20 ps waveform,

however 19" showed that Eqn. 5
bound curves have a differenc virtual origin h [- sho tk e( n/ 5
from the nominal curve, it is desirable to use I - A si ple exp(ttn /T) / 05)

a change of variab)e t' - to- in Eqn. 4. was a simple relation for the 8/20 us
All three ourveshave th' s v tualn n.. waveform. Because the upper and lower bound
All three curves have the sAEe virtual origin curves have different virtual origins from the
when the translated time, t', is used. The nominal curve, it is desirable to use the
values of the parumeters for Eqn. for each translated tine. :', where ' - t -o. The

of the three curves are: tran eter for e .

A ~~parameters fcr E r. Kat vield the he
TI T2 A to curves are:
Ps ;;s

upper S 2755 33.67 1.053 -0. 6 . -

nominal 0,A075 68.22 1.037 .0.220 As (us) us

lower 0.5558 52.84 1.028 -0.282 upper bound 1.5779 6.2538 1.4384E-01 0.21
nominal 3.00 3.9114 1.2431E-02 1.67

T hen using these parameters with £qn. 4, Vp Is lower bound 9.21 1.8759 3.6058E-08 6.87
the nominal peak voltage: the value of V p
needs no adjustment since the tolerances on Fig. 9 shows a plot of all three curves. it

the peak are contained in the values for A for is proposed to begin to apply the upper and

the upper and lower bound curves. Fig. 8 lower bound curves at the 30% point on the

shows plots of the lower bound, nominal, and leading edge of the wavefore, as shown in

upper bound curves. Fig. 9. For earlier times, the upper and
lower bound curves approach the norrinal curve

An actual waveform could go outside of too closely.
these boundaries for any of several different
reasons. The actual waveform might be double- As reported in Part I of this paper,

exponential, but have an unacceptable value of coniiercial surge generat-rs do not :::eet the
one or both time constants. The actual present !IC% tolerance on duration or front

waveform might be the superposition of a time. Because there is no evidence that these

double-exponential with relatively large com-rnercial surge generators are unsatisfacccrv

oscillations. Sr the actual waveshape may be in actual practice. the tolerances on the
far from a simple double-exponential waveforn, front time and duration should be charged.

perhaps due to large discontinuities. fftm the present value of !10% to perhaps
-10.430%.

•CC3eC tjer~•95 Dm •• •;.Snnzse '~ean~' ''-:?... ,j-ccosec :zOe'aCC5S 'St" : 2/•0 ,-'5

-- --- ----- -

Fig. 8 Proposed specification for a 1.2/50 us voltage waveform.

Any waveform that is between the two dashed ldines is acceptable.

he nominal waveform is show-n as a solid ie
I I I I I I I I I I I I I I I - - i i I I



or~ose tioren~s OP /POUS logarithmic scales for both amplcud and
frequency. The effect of logarithmic. scales
is to compress small discrepancies, which is a

I -- disadvantage in setting Specifications. Many
\ '~fOL~5laboratories still u~se analog oscilloscopes to

,measure high-voltage surges. Until digitizing
oclloscopea interfaced to computers with

digital signal processilng software become
* common, it is premature to specify high.

¾, * j voltage tesr waveforms in the frequency
domain.

An evaluation of commercial surge

9ig generators was suggested by F.D. lftrtzloff as9~g Proposed specification for an 8/211 part of the work supporting the present
As current Waveform. Any waveform revision of ANSI C62.41. Ihis research

thtis between the two dashed (including the purchase of all equipment) was
lines is acceptable. The nominal supported by a contract with Allegheny Power
waveform is shown as a solid line. Sys temn: thanks are due to I.'.C. Guyker, Ir. for

V~ith this increase in tolerance, it may recognizing the importance of developing
also be desirable to specify the total charge engineering standards. Additional funding was

trasfe, t -f tdtdurngah~tcrcIt provided by the U.S. Army Research Office.
loadin~g of the generator. Many practical Eautoso omrilyaa'al
surge protective devices (e.g.,. varistors and generators would not have been possible
avalanche diodes) have an essentially constant without the generous cooperation of Kev--ek
voltage dur.:^g passage of appreciable surge .nstr-uz-ent Cc~rp. . Velonex. and viaefeiv. M
clurrents. The energy, which is an important Hop~ins and B. Cormier of KoyTelk witnessed the
parameter, that is transferred to devices with testing of their products. I also wish to
a constant voltage is proportional to AQ. For thank D. Shakarjian for constructing and
example, one might require testing the custom trigger circuits that were

5.4 used in the measurements and for witnessing

6Q- (17.5 +4. 9) 1 all of the measurements.

These tolerances on AQ agree with the proposed &aerXfln±e
upper and lower bound curves given above. The
nominal value of AQ corresponds to the nominal [Iý IEE 60.2, "High-voltage Test Techniques,
current from Eqt,. 5. Part 2: Test Procedures!' (1973)

long.duration unioolar waveforms z2 IEEE Standard 4, "IEES Standard
There are several special considerations Techniques for High-Voltage Testing"

for specifications for unipolar long duration (98
waveforms, such as the l0/7C0 Wis and 10/1000
,is waveforzas. Such long duration waveforns, Iij ANSI C62.41, "IEEE Guide for Surge
when provided by a surge generator with a Voltages in Low-Voltage AG Power
small output resistance, can t~ansfer large Circuits" (1980)
energy to a load. If the ideal waveshape is a .
double exponential, the energy transferred .4. -Standler. P.B., protec~tlo of Elleclornic
depends on Lhe values of the peak open-circuit Circuits "xQ (ýer-oltaejes. Wly
voltage, Vp, and the decay time constant, r .lerincNew York (11989)
T.he value of the tiae constant for the 'eading ~ atlf.FD rnin oto
edge of the waveform , TI has a trivial effect fi Mrzof .. ,"rnin oto
on ti.e energy content o the waveform because Level Test Generators." General Electric
the time from the origin to the peak of the Corporate Research and Development
wave is much smaller than the duration of the Technical Report 77CRD241 (1977)
waveform. Therefore. one might wish to place
small tolerances (e.g., ±5%) on the peak 1 Martzloff, F.D. . "The Propagation and
value,lv,, and the decay time constant, ,T Attenuation of Surge Voltages and Surge
and re atively large tolerances (e.g., -36%*) Currents in Low-Voltage AC Circuits,"
on, the value of the time constant for the "F Transm Power Appaaz~us a~nd Systems,
leading edge, T.. 102:11,63-11,-0, (1983)

oscillatory waveforms . Rich~an, P. . "Changes to Classic Surge
It is especially complicated to constructet asRqurdbBckFtrsUd

boundaries in the time domain for an for Testing Powered Equipment., Zrc.
=uscillatory waveform. If the frequency of 5th L'iC S=2Lisa Zurich, pp. 413-418,

oscillation alone is allowed to vary then the (1985)
various boundaries for an acceptable ring
waveform overlap at time increases. .8 Mc ley P.H. and F.R_ Benedict,
Boundaries for oscillatory waveforms may be "Calculating Surge Generator W~aves, -

s.'rtpler -.hen viewed in the frequency domrain Eectjxic L.Qjljuhj. 30:326-328, (1933)
than in the time domain. It Is comron to view
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j91 Standler, R.R., "Equations for Some rate and were triggered from the same external
Transient Overvoltage Test Waveforms. trigger iource.

EEE T1rans. EIlcyrornapn~ti-c
r-paflbilt, 30:69-71, (1988) Both voltage and current were measured

during all tests, even during Part I. Because
(101 Alllbone, T.E., and F.R. Perry, the peak voltage was negligibly small (<15 V)

"Standardization of lmpulse-Voltage when the load was a short-circuit, we can be
Testing," EE j , 78:257-272, certain that the magnetic field from surge
(1936) currents as large as 610 A had negligible

effect on the measurement of voltage.
(i1i Hyltrn-Cavallius, N., "Coimments on Similarly, the fact that the peak current was

'Definition of Switching Surge negligibly small (<1,0 A) when the load was an
Waveshapes' by H,., Smith, et a!" , EE open-circuit shows that the electric field had
Tn. Power Aooaratus and Systems, negligible coupling to the output of the

86:1407, (1967) current transformer. Such checks are
desirable because electromagnetic fields can
couple erroneous signals, for example, into

Anoendix Iý Instrumentacion the loop area between voltage probes.

The Tektronix 2430 oscilloscopes that were
used in these experiments digitize thg stgnAis Processinr of data to dererpJ ,.A.
with a dynamic range of 256 states (2 bits) front time and-duratcoW
and rake IC*.4 samples of each signal per
record. The oscilloscopes are interfaced to a A computer program was written to
digital compuctr which collects the data, automatically process the data and determine
rea,.s the scale factors from the orcilloscope, the front time and duration for each wavefort.
detertines the zero levels, and stores the The data are arranged in an array of
data on a magnetic disk. lr-iediatelv after coordinate pairs %Ct, V%!)i. where i is the
each waveform :s acquired, the computer integer index.
connects all four oscilloscope inputs to
earth, waits 2 seconds, and digitizes a blank oeak value-of unioolar-waveforms
record. All 1024 points in each channel are The front time and duration are defined in
averaged to obtain an accuratc zero reference terms of the peak value, V so the first task
level, which is subtracted from the data is to determine the best estimate of the peak
before processing. value. The program scans all of the samples

starting with the earliest (i-I) and ending
Tektronix P6009 probes were used to measure with the latest (i-1024). . The program tinds

the voltages between each side of the load and the largest value of 'Vqy in each data file,
earth, V,.0 and V 0  The 120 Vilz bandwidth of which occurred at the j h sample. If the same
the probes was not a limitation during these maximws value occutred at two or more samples
experiments, since at the maximum sample rate in one data file, the earliest occurrence was
the data bandwidth is only 40 Xh1z. These used for the value of . The peak voltage,
probes were compensated in the usual way, then V, was then calculated from the average value-he compensation of the NC probe was adjusted of the fIve samples between ?-l and 3. More
slightly to raximize the corton-r.ode rejection voits were taken after the largest value of
ratio, as described in 14'. All of the :WNi than before because the decay of the
voltage data shown in this paper is the Overstress waveform is less rapid han toe
difference. VH1, between the two measured initiai rise.
voltages.

f"cr time of unioolar voltare waveforms
The surge currents were measured with Ion Once Vp has been determined, the times of

Physics Corp. model C.l-lO-L current occurrence of the 3C% and 90% points on the
transforrers with a sensitivity of 10 A V. leading edge are found. The program scans the
This sensitivity was reduced by using a 50 n data starting with the earliest (i-i) sample
coaxial resistive 2C dB attenuator near the until the first occurrence of a voltage
inputs of the oscilloscope. The manufacturer VUN Ž (0.3 V ) is found at the kch sample.
states toat the 3 dB bandwidth of the current The program then fits a straight tine by the
ransrorcers extends from 5 Hz to 40 51Hz, And method of least-squares through the seven

that the core of the current transformer will coordinate pairs starting at sample k-2 and
not saturate for values of f I dt less than ending at sample k+4, which gives a line of
I kA iCO ;s. This experiment did not require the form:
two independent measurements of currenrt, :H VHN(t) - a t + b
ard .However since chey were availabie, The assauption is made in the least-squares
all o' Hever since they were ville routine that the time of each sample is exact
average of two iddependent measupemer,ts, and that only the voltage values have errors.

,/. hsaverage oftw Idee dentmeasnrhemt. This assumption is justified because the
Thise aeg rdc the randomzation prcquartz crystal timebase in the oscilloscope is

noise in the digitization process. much more accurate than the voltage
digitization. The time of the 30% point, t,.he two votaes .VG and V.,,, wereisoudy

neasured sicultaneously on one oscilloscope.
The two currents, l and I\, were measured t - 1(0.3 VO) - bl/a
The tao•useton the othe , r oscilloscope. The least-square linear cur.te fitting andsiutaneously eteinterpolation is used tO accurately specifysoth oscillsccopes had the same nominal sample



tettis t, wo t * t have T-h program then fits a straight line through
cillations and random octuations (noine). the data between the J-2 and ji4 samples,

including the end points. Th time of the
A similar process is used to find the time zero of this straight line is called t,(l),

of the 90% point on the leading edge, t2, and which is the best estimate of the time'of the
the tUse of the 50% point on the tail of the first zero.crossing.
waveforn, c3 . The program resumes the search for the next

These algorithms give identical values of zero at sample

front time to 3 significant digits for the w +NT(2.5 sps/&t)
1.2/50 AS waveform from Otie m~odel of surge where ' is the Integer sample number nearest1.2/0 • waefor f~m oe moel f srgethe previous zero, 2.5 is is one.quarrer of
generator when the voltage data are sampled at the nominal period of os5illation, and rt is

intervals of either 0.01 As or 0.10 ws. This

shows that processing of the data can be used the tiac between successive samples. The next

,to increase the effective resolution of the five zeroes are found in the same way as the

data, first And called tz(2). _Y6).

Aniolrmrrent wa ors~. procesedThe average frequency of oscillation, 7, is

The current waveforms in the determined from the first five zeroes after

same Way, except that the 101 point instead of the largest peak:

the 30% point on the leading edge is used to f - 2/itZ5 " rZ(1)1,

calculate the front time. The program then finds the values of the
other peaks, V /1), by searching for the

parameters f rriuway gest value Mf o VHNj, which occurs at the

The largest value of V in the record is j sample, between two successive zero-

found in the same way as t e peak of the crossings, tt(i) ar-d tZ(.+l), where i : S 5.

unipolar voltage waveform, except that only The vaiue of each peak is obtained bv an

four samples are averaged. The value of the average over four points froro the j-1 to the

firs: peak is called V p0). 72 sapie

Me zero-crossings of the waveform are The rise time of the leading edge of the
found next. The program searches for the ring waveform is found last. The values of
first zero crossing after the largest; peak, the 10% and 90% points for the rise time are
when found in the same way as for unipolar

(VMN)j.* (V .u)i+I s 0 waveforms.
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Absctracr. - The design of coueercial low-pa8s fillter capau;LorS that r~educe the ripple in dc power,
!tocu~les for ocuiiment connected to the low-voltage supplics have appreciable sdries induotance which
supply !lains is reviewer. Problems of using these makes them inerfeotivri for bypassing nois3 to ground
filters to protibt electronic equipment from damage at frequencies or about 1. MHz or greater. Therefore,
or upset by high-voltage tr&anients On the mains are high-frequency noise or transient overvoltages on the
discussed. The design and performance of circuits =ains %eay be able to propagate through a dc power
that Incorporate both overvoltage protection And a supply and upset the operation of an electronic
low-pass filter are discussed. One circuit is Circuit.
designed for commercial environments, the Other for Common low-pass filter modules for commercial
medical equipment In patient care areas. Filters for service provide Approximately 30 d8 to 10 d8 of
!radical equipment In patient care areas must have attenuation in a 50 Q system at frequencies between
very small line-to-ground leakage Currents, which 0.-15 wHz and )0 MHz. Owing to limitations on the
maices it difficult to provide either overvoltage Physical Size Of inductors and capacitors, :los0t
protection or low-pass filtering. Using an filters have little attenuation at frequ.encies below
overvoltage-protected low-pass filter is less r M~;. However, mains filters for switching power
expensive than using a 'line conditioner to protect .,,~piles may reed significant attenuation at
equipnent. and, in riany instances, the filter nay frequencies as low as 110 k~z. Common transient
g~ve sarIisfactory protection. overvoltas,.2 ý'ave appreciable energy at frequencies

bolow ¶ kHz. Above about 30 w.z m-ost noise I.
I. tPCUC~3N~.rn*erred i1 or cut -off a chassis by radiation

through spao', rather than by conduction along wires.
Low-pass filters are commonly connected In A tranpient on the mains with a peak value~of

Series with the power cord for electronic equipment 2000 V woild be attenuated v-t about 60 V by a filter
to achieve electromagnetic compatibility. These with ah attenuation of 30 dB. This amount of 1
filters attenuate high frequency noise that is attenuation might be adequate. However, a problem
generated inaide the Chassis and conducted on the arises because a filter that is rated to have an
power cord out of the chassis and into the attenuation of 30 d8 may have less attenuation during
environment. This application of filters is high-voltage transients. Filters are normally
well known and covered in eariy standards and characterized with a sinusoidal voltage with an
regulations. Low-pass filters may also protect amplit.ude of only a few volts. Attenuation data from
equipment from Some disturbances on the mains, such these experiments are not relevant to performance
as high-frequency noise and transient overvoltages. during high-voltage transients for the following

High-voltage transients on the mains can damage reasons-
electronico circuits or cause temporary malfunction (1) noe dielectric in Shunt capacitors may break(
,upset) of these circuits. Common sources of high'- down and produce a large value of dV/dt inside
voltage trarnsients include lightning strikes to the filter. which behaves as an unexpected
overheo2d power lines and witching or reactive source.
loadsi V) ransient overvoitages with a peak value (2) The inductance of chokes typical'ly decreases
greater than about 5CO V are rare events. Bursts of during large currents Owing to partIal or
ftIgh-frequency noise with a peak-to-peak value complete saturation of ferromagnetic care
between 40 and !00 V occurred at one residential site - material. Abnormally large currents May flow In
at aft average rate of 0.5 per hour [21. Maximumn chokes during high-voltage transients.
values cf IdV/dt I of the order of I ky/,us were comavo. (3) Large voltage stresses across series inductors
gectuse the peaK voltage values in these bursts of may cause insulation breakdow'n and shunt the
noise are less than the amplitude of the steady-state inductor with in arc.
mains voltage, overvoltage protection (e.g., netal (4) Attenuation data in manufactUrer's
Oxide varistors) will be ineffective in attenuating specifications is meaJsured 6ith a 50 n resistive
these disturbances. However, a low-pass filter could load. while this is a reproducible test method.
b~e effective in attenuating these bursts of noise. it does not correspond to actual, operating
T7his paper examines the design and use of low-pass conditions 'L,
fl~ters to protect equipment from hIlgh-voltageTh latranisptcuryIsdos. he5

tra~nsients On the mains, resistive load in the standard test method damps
High-frequency noise is transferred from the resonances that nay be present with the I-C elements

-sains through Step-down transformers by parasitic In the filter. F~urthermore. a reactive load during
capacitince between the primary and secondary Coils real-world 004rat ion of the filter may cause
'3, nierefore, the high-frequency noise at the resonance with the output port of a low-pass filter
secondary may be larger than would be expected on the and produce voltage gain C51.
basis of the turns ratio and the amplitude of the
noise on the mains. One cannot rel,- on common do !I. C0OiVENTICNAL DESIGN OF FIITERS
voltage regulator circuits to attenuate high-
frequency noise or transient overvoltages because Modern, low-cost filter modules for commerclal
these circuits do not reject high-frequency noise at service have a typical circuit configuration shown in
the same degree as the ripple voltage at twice the Fig. 1
naIns frequency on account of '.imitations Imposed by Theo inductor In Fig. I has two identical co!.ls
the gain-bandwidth product. Electrolytic filter that are wound on, a ferrite toroid, as described by

CH2$S1.7/041OO00-00O0 Si 00 *1964 IEEE 6



Table I
A C3 L Maximum Leakage Current and Capacitane

N A capacitance
s'N -9 maxlCum rs liCne to ground
5N -.C 'leaakage 120 V rams

environment current 60 Hz 5ervicj

medioal equipment:

rig. I. Typical low-cost, low-pass filter module for patient care area 0.1 MA 2.2 nF

use between mains and electronic equipment. residential and

non-patient care medical 0.5 9A I ip

cominercia. 3.5 mA 77 nip'
(63. This component is called a "Com•On-.ode

choke," since it presents a much larger indlc,,anCe to Maximum leakage current specifications are contained
co.mmon-Mode than to differential- made signals. A in section 27 of Underwriters Laboratory Standard 544
typical common-ode chowk in a mains f!Iter has an (for .edical equipmcnt) and 1n section 24 of
'Inductance between about I oH and 20 ,H to Underwriters Standard 1283 (for .?ains filters).
conjcon-!lode s31.,als. The inductance for
.Iffere.t,1,-.node signals Is of the order of 30 uH
,'. The Srail clfferertial-mode inductance prevents
saturationcof the cagnetlc core by normal load TO avoid dnstruotion of unprotected filters
currents, w rnch may be of the order or ' to 20 A rts. curing operation when connected to :ne mains,
For thts reason, tris cooponent Is soneti-es called a sceciltcatlons commonly address benavlor dur'ng"ýcurrent-compensated choke. The contInuous toroldal transient high-voltage stresses. For example, 853
core structure Is particularly desirable because It requires filters that are rated for 250 V ac or lqSa
has no air gap to radiate magnetic field and increase to withstand a potential difference of U114 V do-
ambient eleotromagnetic noise levels. between the hot and neutral terminals and a potenlial

There are two practical ways to connect difference of 21.1 V dc between grou.d and either the
capacitors in a low-pass filter for the mains. One hot o neutral conductor.
or more capacitors, such as C1 and C2 in Fig. , can An additional problem with filters during
to shunted between the hot and neutral conductors to transients is the possible resonance that may cause
attenuate differential-mode noise. Or a pair of tht amplitude of the voltage across the output port
capacitors, such as C3 and C4 ir. Fig. 1, can be to exceed the amplitude of the source voltage. There
shunted between ground and each mains conductor to are several techniques to avoid constructing a high-CQ
attenuate common-m-ode noise. The capacitance values resonant circuit. Chokes with a ferrite core can be
of c3 and C4 are nominally identical, so that fabricated to have a large resistive component or
com.-,on-oode noise Is not converted to appreciable impedance at frequencies between about 0.1 ",iZ and
"different" al-oe noise y *unbalanced impedances. 10 MHz. This resistance damps osciliatons in an
The capacitarce of either C1 or C2 is usually between otherwise pure -.0 circuit without using resIstors.

o F and 0.5 yF. and t.t can te made larger. The permeability (and thus the Inductance) of ferrite
The camacltances -if C3 and C4 must be s.all for cores decreases as the current Increae3s. This
safety reasons; values of the order or 2 nF are effect also helps to avoid resonance. However.
typical. If the ground connectIon, were open, an resonance can still occur when a reactive load iS
eiectrIc shock hazard would exist if the capacitance connected to the filter.
between the not conductor in the mains and the
cnass3s ground is large. 1- 1:. DESIGN OF AN OVERVOLTArE-PPZTECTED

The maxImum capacitance between the mains and LOW-PASS FILTER FOR THE MAINS
-round is determined by the allowable leaeage current.

The leakage current is measured between the The discussion of the design of a low-pass
conduc tIng case (which must normallý be connected to filter that contains integral overvolLage protection
circuIt grourd) and the mains neutral conductor when Is divided into three parts. First, the overvoltage
the filter Is connected to the mains without a ground protection and basic filter design will be discussed.
wire. The naxlsun leakage current, and the maximum Second, damping of resonances and safety
capacitance for use on 120 V rms, 60 Hz mains, Is considerations will be discussed. Third, an
given In Table 1. alternate design will be discussed for applications

The input capacIcor, Cl in Fig. ', is vulnerable that require low line-to-ground leakage currents.
to damage by transient overvoltages on the mains. The raetal-oxide varistor is widely recognized as
Con3ider the comoon 8120 us current waveform with a a cost-effective voltage limiting device for use on
peak of 5-C A tha Is uused for testIng murge the cains (9]. One of the features of these
protectlve devices. This test wa*eror:! transfers varistors is a parasitic Capacitance, which Is often
8.7 nC or charge. if we consider a typical - filter between 0.5 nF and 5 nF, Jhunted across its terrýinals.
with two 3.5 .j capacitors and a 30 uH chowe, the This capacitance can be utilIzed to Make the first
potential difference across the capacitors will have stage of a low-pass f~l•ter, while also obtaining
a peak value of asout 9.6 kV. Tnhs large voltage Volt•ige limiting ('01.
across the capacitor could cause dIelectric The circuit sMown in Fig. 2 has two stages. The
"breakdown, followed by an arc Inside the capacitor, first stage uses nomlnally identical metal-oxide
The peak voltage of 9.6 vV that is predicted by varistors, 71 and V2. to proviAe voltage l'mitlng for
calculation would prubably not occur in a realistic common-mode transients. Both the hot and neutral
situaslon: ccoryon electrical outlets flashover at a conductors are clamped at some relatively small
potential of about 6 kV. whatever the peak voltage potential (e.g., 300 V to 5C0 V; from ground.
-nay me durtng a severe overstress. It stIll threatens inductor L1 and varistor '.! form a nonlinear
the dle.ectrlc In shnunt capacitors, voltage divider for transient overvoltage3 with short
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or the mordule may determine the mainnum prsat inal
L1 inductance value for Li and L.2.

otL3 All lumped element, capacitors have a MAIlT parasitic inductance, which may be as small as 5 nHl,
0 V C5~ that mAkes the capacitor useless at high f ue~urlicis.

It I'S Tel knur t.U ther paale (*, .connection ot two

__.__V3 provide a ~analer rnagnitude of impedance over a wider,A C2:- requency range than either capacitor al.one C7]. The
V2C6Z parasitic capaoittanoe of the varistor V3 is effective

N~~~I thisr1 -ia I j ~ ith capacItor C1.

L2 frtsae second stagefirst tageIt is Important that VI and V2 be nominally
identical devices. If the varijtc', connected between
the neutral and grounding Conductors, V2. were to

rig.2. ~mpl ovrvolageprotcte lowpas tu~er. have a smaller conduction voltage than V1. then
Fig.2. impl ovrvolageprotcte lowpas filer. COM~on-moda transient overvoltages and noise would b

converted to ditterlential.-mode by the mismatched
var I storsa. Owing to thil use ot a Comorro-m-Ode choke,

durations. L2 and V2 act In the saam way for L3, with its large value at Inductance In the Second
tr'iasients on the neutral conductor. For stage of the filter, the com-nin-mode attenuation can
nigh-froquency noise, the inductances LI and L2 form b(- greater, than the ditteeential-mode attenuatiorl.
a law-pass filter with the parasitic capacitance of Therefore, it is desirable to have nominally
variStors3 Vi and V2 and with capacitor C2. identical devices tor V1 and V2. There Is also the

The second stage at the circuit shown In Fig. 2 prospect of having an application where the hot and
ccntains a ccz-.on-mode choKe. L0, and bypass neutral conductors are reversed in the walt outlet,
capacitors. C!, C5. and C6. -.he second stage of the 30 that V2 !3 exposed to the lull mains voltage.
.ow-tess filter Shown In Fig. 2 att~enuates tne !"t is reco!.mended thw.t varistors 'Or use on
r~eanant of any transient overvoltage that passes mains w~th a nominall voltage at 120 V :*-s mneet the
ýccnstrean from vari stors V1 and V2 and also providsc rollowing spectifcations:
additional attenuation of high-frequency noise. (I) Whe Vii 13 the varistor voltage at I %A do~
Components 0.3. C5, and C6 form a law-pass filter 'ar current and at a temperature of 25 C, the value
comimon-made signals. owing to imperfections in the Of VN Should satisfy
symmetry at the two Coils in L.3, this choke presents 210 4 4< 300 V
a relatively small Inductance to differential-mode (2) There should be less than 500 V across the

s 1.gna Is . 7.nii inductance and C1 term a low-pass Vahkistor du-ring an 8/20 -ps test current with a

f.Ilter for differential-mode signals. Additional 1100 A peak value.
protection from transient OverVoltage3 is obtained by (3) The varistor shouii suarvive an 8/20 us waveshepe

connecting varistor V3 as shown in Fig. 2. with a peaK current of at l.east 5 WA without
There are many considerations involved in rupturing the case or loss at protective

selecting component values tar, the circuit Shownh in funictilon.
Fig. 2. ('4) The varistar should be adol to tolerate atl least

Ise nput inductors have a single layer a nillion pulses af 50 A peak curr-ent (8/20 us
construction to prevent insulation breakdown between waveshape) without charging 'h1 by maore than
layers and are rated to withstand at least a 5 WV ±
Impul se betueen term Inal s, as suggested by r1~ T-he For long-term reliability, there Should be mall
s1.ngle layer construction also 'Increases ?the power dissIpated in the varlistor when the r,7s voltage
seit-resorant frequency ot the choke by decreasing Is somewnat greater thari normal (F. Xartzlott,
vhL parasitic capacitance betw~en the terminals, personal communication). Far this reason, the fl~rst
-hokes L! and L2 are connected upstream from 1.3 specification has a l~arger minimum value of IN than,
tecause regular chokes can be mare easily designed to might otherwise appear necessary.
withstand high-voltage transients than can With ZnC varistor technology ava~lable in 1987.
cor-jman-mode cnoke L3. such a varistor will have a minimuri dlameter of 20, iN.

,he inductance values tar 1.1 and 1.2 are limited :n the circuit shown in Fig. 2. varistors VI and V2
Dy two considerations. These inductors are In series are expected to be exposed to larger Surge Currents
-wiih the load current and have a voltage across them and theretore suffer more rapid degradation.
ýuring tne normal apnratior. of the filter. It the Tteretore, one could Specity that varistors VI and 1.2

f11tter 'Is rated for !0 A rms, 60 Hz service and It a have somewhat greater conduction voltage than
ror at V rms across tne filter can be tolerated. varlstor V3. AlternaeL~y, the first two varistor3

ie maxi-jum inductance IS about 270 uHM. This may be specified to have a larger diameter than
!inductance limit, applies to the sum of InductanceL L! varistor V3. .For oxamsple, V1 and VP might have a

and *-2. and Lhe Inductance of -the choke L.3 tor diameter ~f 32 =, while V3 might have a j~ameter ot
iifferentlal-mrode currents. Sub~c~t to this l11mit, 20 mm.
Ilarger valu;es af inductance are more desirable. The clamping voltage tar differential-mode

Size is the other consideratian tar Inductance transients at the input of 1.3 is twice the
val'ue. The InputL inductors, Li and 12. Should have co--on-mode valu;e, since Vi and V2 are in series tar

single layer construction. These inductors should be differential-mode voltages. This peak voltage value
able to withstand at least 5 'KV across the terminals. Is unlikely to damage the dielectric of tho
Th)e hIgh-voltage construction of these inductors will. capacitors, C1 , C., C5, or C6. or the insulation at
!-ake them relatively large: a length between 7 cm and the choke, L.3. Wh~ile it is no longer crit~ical that

12 cm is typical. ot single layer chokes with ferrite the capacitors In this filter be able to withstandl
:ores, an inductance between 10 041 and 80 jH, and a high-voltage -transients, it is recommended that only
20 kV rating. Since devices with larger inductance capacitors with self-healing dielectrics that are

;alues have a larger size and there are size rated tar operation at 600 V dc ',or mare) be0 .sed.

c-onstralnts -on the completed filter module. tho size This provides a greater reliability for tne filter.
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B. suopremsifl Of o e5onancea 4tere tney are .r.own as "snubbvr networks." ReSiStOr
oR2 damps the resonance to differential-ode signals

The filter' shown in Fig. 2 will have Voltage formed by Li,1,2, C2, C1, and the differential-mode
gain at various frequencies owing to resonances of inducanCeO or L3. The snubber networks R3,C3 and
yarlous L; pairs. There is a resonance for RM,C4 provide damping of resonances of common-Sode
domz on-mode signals owing to L3, C5, C6. and the signals owing to L3, C5, and C6. Further damping for
parasitic capac -ances of V1 md '12. Another both differential- and Comwdr-modes may be prOvided
resonance for comon-mcde asignals is owing to Li, L2, by the resistive copOhent of the imledauce of Li,
and the paragitio capacitances of Vi and V2. There L2, and L3 owing to the losses in the cores of these
Is a resonaAoe for different!al-mode signals owing to chokes.

L2, C1, Cl, C2, and the ron-idea% inductance of L3 to There is no rnasor, to include a damping resistor
dIfferential-mode signals, in series with CI, since a capacitive load would

As •entioned earlio', Ihe possibility exists remove the effect of this resistance. The use or
chat the filter-load system will have resonances when dampOng resistor R2 can adequately suppress
a reaotive load is connected to a low-pass filter, di!,jrentlal-mode resonances.
There are two possibilities for reactive loads: Resistor R7 ia included to discharge the
Inductive ard capacitive. Pure Inductive loads are capacitors if the filter is disConnected from the
unusual. Host Inductive loads across the mains mains with no load present. The value of R7 may be
(e.g., motors, relay coils) have substantial sari. chosen to decrease the potential across capacitors CI
resistance that will act co damp any resonances. and CZ ko some small value (e.g., leas than 30 V) one
However, hlgh-quality capacitive loads do exiSt, any becord after the mains are discOnnected at a positive
pieces of electronic equipment have capacitors peak of the sinusoidal mains wavefort. There is no
connected to the mains for suppression of need to discharge capacitors C5 and C6 because thelr
electromagnetic noise. Many products intended for capaoitaloe is so small. If C3 and C4 have larRe
office -*nd industrial applications have conventional capacoitn•ces, another discharge risistor, R8. Nhould
low-pass filters connected to the mains, which have a be Included. The resistances of R7 and R9 are too
capacitive input ýsee Fig. !'. many electronic large to have an effect on camping of resonances;
products for consumer applications (e.g., televisilon these resistors are included only for safety
receivers, video tape recorders, stereo receivers, considerations.
etc.) have simple capacitors across the maina.

Voltage gain can be avoided by adding resistive IV. DESIGN OF AN OVERVOLTAGE-PROTECTED MAINS.*
dampening, as shown in Fig. 3. The circuit shown in FILTER FOR PATIENT CARE CQUIPMENT
Fig. 3 inflludes all of the components Shown in Fig.
2, plus seven resistors and two capacitors. A filter can be designed for medical equ'l4nt

in patient care applications using the principles
disou.aed above. The only unusual criterion is that

Li of very low leakage current (see Table 1). If a
H ' R5 generous safety margin is to be provided, the

C3-: line-to-ground capaCitance must be limited to about
' L3 i R3 500 pF. which effectively prohibits the use of either

CV 2 . l metal-oxide varlistors or large capacltinces in
G... 'line-to-ground connections. SoMe of these

R7 difficulties can bo overcome with the circuit shown
0 ) ~ ~ 7I Fig. 4.

2 R2 / \C65 s , I

R6 R8 not LR

first stage second stage / ;

V1 C2 ~ C5grounding V3

3~g. 3. Overvoltage-protected f'iter for commercial <-x/ - ,. "

R2 6-

Civen the types of rea'tive loads in the world,
one cannot suppress resonances In a low-pass filter '_
ty nerely connecting resistors In series with shut neutral L2 R6

capacitors inside the filter. While this would damp
Internal reannances, it doen ncthing to solve the
resonance owing to the external capacitive load. Fig. 4. Overvoltage-protected filter for patient
:retead, resistors, such as R5 and R6 '-. Fig. 3, are care equipment.
,nun.teo across the inductor nearest the output port.
A crude initial approximation for the valu., c These
-esistances car, be obtained by calculating the The relatively large parasitic capacitance of
reactance of one coil in L3 at the resonance the line-to-ground varistors, V1 and V2. Is reduced
frequency. to only a few picofarAds ty connecting a spark gap in

it Is undesirable to connest resistors in series. However, the spark gap has a delay time
parallel with Ll and L2 because these Inductors may between the application of an overvoltage and the
be exposed to high-voltage transients that might onset of an arc inside the gas. By placing the spaWk
damage inexpenilve resistors. gaps and varistors upstr'eam from chokes i1 and L2. we

The series PC networks shown in Fig. . )rovd@3 obtain two advantages. First. the inductance !n S,
damplng off resonances. Such netwo.'ks are r7.:non in and L2 helps create a large voltage during transient
-%itching appllca-ions with relays. SCRs, .' riacs, overvoltages with a nhort rise time, which will
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Peduce the delay time in the a3ark gapS. Second, the
iow-paaa filterss Wi=sed Dy the various, InduCtora and S50l' H H rotfolfll
;ap~auitors attetll:tp the reamant that passes mode
coiwnstrean froa the spark gaps, V1, iu.fd V2. Prior to N1 LPP
the onset Of the aro inside the Spnr-k gaps5, this LP I0

rersntwill be the entire transient O~ervoltageG)
aC"osa thie Input port. Thin idea Is not news P61 1

advooated It thirty yesars ago. However, the Weits
or this circuit aiP~eAP to have been ignored. Iput output

The selectio- of vartsior mosdeis for, this SOUIN V3l age device under test voltage
circuit is guided by the same principles that were mmauwntent messuftenet
discussed above for a comercial envirlonment. Use of
a varistotr that 15 suitable for direct connection son:H
Octween the Ulain and grotuid aill cause the sarw gap

no extiouih whe the ovoevoltage oesest thr wilL ='
Attenuation of differential-d'odt ove'vol'tagesIs in normal

provided by cl~kea Ll and L.2, oehrwiharsr 0mode
73 and *'4. A di~fferential- ode low-pass filter Is
formed by L!, L.2, anid C2. Resonance IS asuppressed by
including resistor R2 in the Yiddlo of the filter.
Additional attenuation of high-frequenoy differefitial- F.ig. 5. Schematic fo,. freq~uency resprinse
mode signa1s Is provided by the paramitIc measurecnents.
capacitances of V3 and V4..

A conwot1-ai-de low-pass filter is formed by
com'don-Mode Chowe, L.3. and capacitors C5 and C6. F~or
safety reasons, the caD&Cltance of C5 and 1.6 is z -e

a!..td to a-.out 5010 pF each.
-'le purposes of R5. R6, and R7 Ir' Fig. 4 are

:,Iert!cal to the comoorients of trie same designat'.on2
in F~ig. 3, which were explained above.

V. TEST S

Prototype versions of the overvoltage-protected
filters for use in either a commercial or, medical
environment were subjected to a number of different
tests in a laboratory. The steady-state frequency .-

response Is rr-sented first. shent the response to Li
transient overvol'tages )s discussed. *~

A. Steady-State__Frequency Pesponse

Attenuation as a function of frequency was
!easured with the circuit anown in Fig. 5. The
3ignal source was a Wavetek Wilel 191 funct~on
g.r-nerstor that was ccnrnected to an Amplifier Rtesearch
-odel 50A15 power amplifier. This -combination could Fig. 6. Frequency response or the filter for
:-ovide a sinusoidal waverorna over the frequency co~rorcial environments,
-a.lge from 10 k14Z to 20 M11z. Nearly all of '.he data
-iere c;ollected with a 20 V peak-to-peak sinusoidal
input signal. The voltmeters were the two Channels
of a Tektronix mnodel 2445 oscilloscope, which have an 72. The resonance for normal-mode signals near
.input imped~ance of I MC0 shunted by about 15 pF. A 20 kH', Is caused by 1.1,. 1.2, and 02.
,0 ̂ coax~al lo3ad was conneoted at the front panel of Fig. 7 Mows the frequency response of the

th s~lsoefrtemarmn fvlaelow-pass falter for, medical environments, which ufes
arlross the filter'n output port. Coaxial cable was the scliematic shown In ýIg. 4, The attenuation of
*jsea for All connections. Frequency meast~rements comaon-mode signals at frequenciess below abou'.
-dare m:adO with the cursors on the osoilloscope 02. M~tz is mostly due to voltage division usi;.-; the
screen . inductance (LI , 1.2. and L3) and the 50 0 resist Ive

It was not possible to measure the tifrerential- load at the oscilloscope input. This is not
oooe responsa of the filter. since a high-quality, sVurPrisin8, since there 1- a stringent limit cn the.
center-tapped transformer with a wide Uandwidth was maximum value of line-tc--round capacitance in this
not 3vailable. A crude substitute was to connect ''is environment. The amount of attenuation of
neutral to ground at both the input and output ports. normal--code sigrials of this filter Is3 sinilar to that
-hich gives what r~ay be called the "normal-mode" of the falter for commercial environments,
re spoe se. Since one terminal of the Oscilloscope
'Input is at ground potential, no other choice was 9. R'esponse to transient Overvoltsges
posaible.

-ig. 6 5110w! the frequency -ess~onse for the 7-e responao to transienrt overvolta~es of
:ow-pasa rllter for commercial environments, which various 1,ýw-pasis filters for Lse on the mains was
-ises .ne schematic shown .1r. Fig. 3. Thie solid l1ne tested, using the schematic diagrams shown In wig. 8.
snows tne respons to-he-ad inl:th lse overvoltages wwre supplied Ihy a Keytek model UI
t~ne Mows the response to normal-mode signals. The surge generator. The response was -monitored by a
resonance near 0.8 IU!Z is caused by the Inductances Tektronix model 7612D digitizer with two '7A13

:r .'2. and the parasitic capac-tances of VI and amplifiers with differential inputs. Tte voltage
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F'ig. 7. -- qec epneo h itrfor meidical Fig. .9. 1 VOpen-dirCUit COmmon-mode ringwave

net'work was used. Additional. protective devicescommon mode ( metal-oxide varistons3 and low-pass f!lters) were
placed upstream from this back-filter, for increasted

H H ~asjura~nee that equipment elsewhere in the building

N 7-1 . iould not be damaged or upset by this testing.
LP!Chami'el Because the filter is designed to be c-onnected to tho

a mainst during normal us@, it is important to teat it
__when energized by tr.e mains voltage. 0

- In order to observe a worst-case condition, rio
A< L load was used during thebe tests. While this in d~ot

the typical way to. Use a filter-, it does present 4
worst-caae. A low-pasa filter is built with a la-'e
series Impedance and a small shunt impedance. Use or

H H tany capaoitive load at the outptit port will decrease
the shunt impedance and increase the attenuation.

0 A *. LPF B Use of a purely resistive load is likely to damp any
N resonances.

_____________ -. - ciff, mode The major concern during the design of the
G low-pass filter for use in medical environments was

whether the filter would provide adequate attenuation
of the remnant that travels downstream from the spark
gaps and varistors V1 and V2 in Fig. 4. The
worAt'case for passage of a remnant occurs when the

7Ig. 8. Sce~atic for exposure to transient voltage across the Input port has a slow rate of
Overvoltages. rise, so that the spark gaps are relativell slow to

conduct and the remnant has a relatively long
duration. The worst-case can be worsened further by
app~jlng a common-mode transient overvoltage * since

across the inpuL ý.ort of the filter Was measured with the attenuation of the filter is markedly less forr
a pair of Tektronix P6015 probes: model P6009 probes comcton-w~ds signals owing to lidlits on the maxiMum
were Used to measure the voltage across the output line-to-ground capacitance.
port. UIse of a pair of probes and a true Fig. 9 shows the ooinon'-mode voltages across the
differential amplifier eliminates errors owing to input and output ports of the filter for medical
changes i- ground potential during the application of environments. -rhe surge generator was set to provide
the overvoltage. The probes were prcperly a peak open-circuit voltage of about I kV. The
compensated in the usual way. Then the ccmmon-node voltage at the left edge of Fig. 9 is about 170 V,
rejectiori ratio was maximized by adjusting the the peak Or the mains voltage. The surge is applied
,compensation of 'the reference probe (the one and the voltage across the inpu-t port Increases at an
connected tu tne Inverting Input of the amplifier) to average rate of 1.9 kV/us. At least one of the gaps
give the minimum differential signal when both probes conducted when the voltage across It and its series
were connected simultaneously to the &.2me Output Of a varistor wase 575 V. Thie voltage across the Input
rectangular pulzie generator. port decreases abruptly to about 220 V and behaves In

.h:e two cables for the P6015 probes were twisted a very noisy manner. The times Of the Peaks in this
together, and secured with plastic spiral wrap. -1hisa noise were reproducible from one test to another * so
reduces the amount of error voltage induced on the they probably arise from reflections from the various
cables by rapidly changing magnetic fields during procective devices upstream from the bacx-filter ancl
surge testing. 7he two P6009 probes had their cables from nodes, Inside the filter under test. -.he peaik
twisted togethier and secured in the same way'. cLrrent from the surge generator, measured by an

All surge testing was done with a 0.5 .is-100 kHz ammeter inside the surge generator, Was 14 A. ThIMs
ring wave, which Is .'efined I! ANSI CS2.4J1-1980. was a very mild stress.

The filter Under test was connected to the 120 V The voltage across the output port of the f~lter
-ins, 60, Hz inains thirouglh a back-filter. The internal is much smoothar and of a generally mailer amp'1.tude
lack-rilter ~n tre Keytek model PN281 progranmer than the voltage Pcross the InDUt -,ort. At the left
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Fig. 10. 6 wV open-oiroui' ctedion- Mode ,ing wave Fig. 12. 6 kV op on-oircuit differential ..ode rirg
aPplied to medical filter. Wave applied to medical f'iter,

Fig. 11 shows a mild differential-mode 4
mng wave

test. Te surge generator was adjusted to give a
S -npu t ;Opeak open-circuit voltage of about .5 lWd. -he peaK"voltage across the Input port, about ' .<V, Is

Ii greater than that In Fig. 9 because the two spak
gaps and1 varistors VI and V2 were in series wlix the
surge generator, unlike the ommon-sode test 14

Ae •t .. ,Fig. 9. The value of dV/dt across the input poWt
prior to spa'rkover was Pbout Z.9 kV/Is. The pok

-, -- current drawn from the surge generator was 16 A; this
- was a mild streas. The voltage across the output

port is much sother than the voltage across the
input port. Since the attenuation of
differential-mode sigals is greater than the

, attenuation of coomon-miode signals ror this tilter,
ri te me it is not surprising that the voltage across the

output port is woother in Fig. 11 than in Fig. 9.
Fig. 12 shows a greater differential-mode

o Overstress test of the same filter. the surgeFig .. an.5 cpen-circu diferentIal-'.ode ring generator was adjusted to give a peak open-tircult
wave applied to medical filter. voltrge of about 6 <V. T9he digitizing rate was

slowed to capture the entire ring wave. 'he peak
current drawn from the surge generator was 164 A.

gdge of Fig. 9, the voltages across the input and The differential-mode voltage across the output port
output ports have the 3am•i value. as would be Is clamped at 360 V in this test.
expected, since there is negligible loss in the - Further tests were planned with (11) this
filter at the frequency or the ao mains. When the overvoltage-protected filter for a medical
gap(s) sparkad over, the voltage across Lhe output 6nvironment, (2) an "Off-the-shelf" low-paso filter
port had an oscillation with a peak-to-peak value of module that has no overvoltage protection, and (3)
about 50 V. This oscillatioji may be due to radiated the ovarvoltage-protected filter for cummercial
electromagnetic noise from the large value of dI/dt environments that was described ,n Fig. 3. The
In the spark gap(s). Neglecting these oscillations, nonproteoted filter was tested next with the same
the initial rate of change of the voltage across the experimental arrangement that was descried above. A
output port was about 0.08 kVlus, about 4% of that differential-mode ring we':e with an open circuit
across the input port. The voltage across the output voltage of 6 kV produced insulation breakdown In the
port is greater than that across the input port at line-to-neutral capacitor Inside the filter. Dough
t-mes .iear 4 and 8 us. 'here is no common-mode energy and voltage reached the output port of this
voltage clamping at the output or this filter, so filter to damage the amplifier in the digitizer. The
3Jch an outcome is possible. amplifier could not be repaired in time to prepare

-ig. 10 shows a larger common-mode overstress Additional figures for this paper, This unfortunate
test of the same filter. -he surge generator was result does shOW that including overvoltage
adjusted to give a peak open-circuit voltage of about protection In filters can reduce the incidence of
S kV. T1he digitizing rate was slowed to Capture the damage to sensitive eleotronio circuitsl
entire ring waye. The greater Initial value of dV/dt
across the Inpuz port caused the spark gap(s) to VI. CONCLUSIONS
conduct at a lower voltage than in the test shown In
Fig. 9. This Is to be expectedl it Is well 'Known Many kinds of devices have been recomended by
that 3parK gaps conduct =ore quickly when I dV/dt , is engineers to proteat vulnerable equipment from
greater. The peak current drawn from the surge disturbances on the mains, Including noise and
generator was '80 A. The common-mode voltage across high-voltage transients. These devices include
the output Dort Is clamped at 'CO V in this test. isolation transformers, llne conditioners, ac voltage
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regulators, and motor generator aets .12]. These [I1I J. B. HAy$ and D. W. Bodle, "Electreial
devices are expenAsive: a unit Viat is rated for Protection of Tactical Communicatlon Systems,"
service at !20 V rme, 500 VA costs at least $400, In Bell Laboratories ?eohnioal Report, Aug 1958.
many applications regulation of the ad -Aims voltage (Available from National Teannioal Information
is no longer critifal. For example, many SWitohinn Service, catalog Nr. Al-693300)
power supplies that are intended for use o0 nominal
120 ' rts mains will operate reliably with any Input
voltage between 80 and 130 V rma, Common desktop [123 R. B. Standler and A. C, Canlke, Mitigation of
coerputer systems use switching power Supplies and do Maine D1iturbances, Air rorce Weapons
not require a regulated ao %ains voltage. When so LAboratory Technical Report AML-•TI-86-80, July
voltage regulation is not needed, a low-pass filter 1986, 192 pp.
that includes protection from transient oyervoltages
tay be an acceptable substitute for more expensive
devices suOh as line conditioners, When Isolation at
do and the frequency of the mains is not required.
-ha commOn-mode choke in a lowy-pass filter may be an
acceptable substitute for noise reduction by
isolation transformers. Providing Critical loads,
such as computer systems, with proteotion from
transient overvoltages and noise would be expected to
reduce the upset and damage rate for the systems.
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ABSTRACT

We teport the development, design, and performance of an overvoltage

protective circuit that has a signal bandwidth from dc to 200 MHz, is

matched to the impedance of a 50 0 transmission line in order to avoid

reflections during normal operation, and clamps the voltage across the

protected port to less than 16 V during a surge with a 8/20 ps waveshape and

a peak current of 3 kA. This overvoltage protective circuit has

applications in protecting high-speed computer local area networks (LAN),

the antenna input port of radio receivers, and inputs of oscilloscope

vertical amplifiers.
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INTRODUCTION

An important problem in the design of evervoltage protection has been

to protect computer local area networks (LANs) from damage by lightning.

Common LANs transmit rectangular pulses at a rate of the order of 107 pulses

per second. A bandwidth of at least 50 MHz, and preferably 100 MHz, is

desirable for circuits connected to LANs. Another important problem is

protection of military radio receivers from damage by either the

electromagnetic pulse produced by detonation of nuclear weapons or by high-

power microwave weapons. A third application would be protection of inputs

of wideband vertical amplifiers in oscilloscopes.

A review of the previously reported ways to protect electronic

equipment from damage by surges on data and signal lines, uith concentration

on the properties of these protective circuits at high frequencies, shows

that there are faw acceptable devices for a broadband overvoltage protection

circuit (Standler, 1989). Spark gaps and silicon avalanche diodes are well-

known as components that are useful to protect electronic systems from

damage by transient overvoltages. Hcwever. each of these components have

disadvantages that may make it unsuitable when used alone to protect modern

integrated circuits. Spark gaps require a time between 10"9 and 10-3 s to

conduct, depending on the rate-of-change of the voltage across them. Prior

to conduction the full overvoltage, which can have a peak value in excess of

I kV, can propagate dcwnstream past the spark gap. This large remnant can

damage vulnerable semiconductors. Avalanche diodes alone can be damaged by

relatively small surge currents (e.g., 500 A for an 8/20 ps waveform), but

have fast response. In order to survive large surge currents, the cross-
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sectional area of the diode must be large in order to reduce the current

density. The large area makes the parasitic capacitance large. The large

parasitic capacitance of avalanche diodes makes them unsuitable when used

alone for a broadband protection circuit,

HYBRID CIRCUIT

Bodle and Hayes (1957) first described the combination of a spark gap

and avalanche diode in the so-called "hybrid" circuit shown in Fig, I, The

highly nonlinear V-I characteristic of the avalanche diode can provide tight

clamping of the voltage across the protected port. When a large current

surge current passes through the series impedance, R + jwL, and the

avalanche diode, a large voltage appears across the spark gap. This large

voltage causes the gas in the spark gap to ionize and the spark gap shunts

current away from the avalanche diode, In this circuit the avalanche diode

protects the devices downstream, while the series impedance and the spark

gap protect the avalanche diode (Standler, 1989). Some implementations of

this circuit omit either the resistance or the inductance (but not both) in

order to reduce cost or space.

Typical values of resistance, R, range between about 3 and 22 0. When

inductance is used alone, typical values of L are of the order of 30 pH.

The series impedance forms a low-pass filter with the parasitic

capacitance of the avalanche diode, A typical value of the parasitic

capacitance of a 6.8 V avalanche diode that is designed for conduction of

surge currents is 10 nF, The combination of a 10 0 series resistance and a
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10 nF shunt capacitance makes a low-pass filter with a corner frequency of

about 1.6 Miz. In addition to the attenuation of high-frequencies, the

circuit of Fig. 1 is a poor match to the characteristic impedance of a

transmission line so that reflections will be produced. This circuit is not

suitable for protecting circuits that must routinely carry high-frequency

signals.

MATCHED CIRCUIT

Fig. 2 shows a circuit described by Schlicke (1974) that uses the

parasitic capacitance of a metal-oxide varistor, C, and a series inductor,

L, to build a single lumped-element approximation of a transmission line

that has a characteristic impedance Zo. The protective circuit is matched

to the impedance of the transmission line when Eqn. I is satisfied.

zo- I1L/C ('

This matching would seem to eliwinate reflections from an impedance

discontinuity at the transmission line--protective circuit interface.

However, the circuit in Fig. 2 does little to extend the bandwidth of the

system. If C is 10 nF, then L must be 25 pH to provide a match to a 50 0

transmission line. This combination of L and C makes a low-pass filter with

a corner frequency of 0.6 ?flz and a slope in the stop-band of -12 dB/octave

(instead of the -6 dB/octave slope of a single RC low-pass filter). The

circuit of Fig. 2 may provide more attenuation at high frequencies than the

circuit in Fig. 1. Both circuits are undesirable in applications that

require wide bandwidth.
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DESIGN AND CONSTRUCTION OF OUR CIRCUIT

We report here the development, design, and performance of a modified

hybrid protective circuit that has a signal bandwidth from de to nearly 200

Mfz and can easily survive surge currents with an 8/20 ps waveshape and a

peak value as large as 3 kA. The schematic diagram of this protective

circuit is shown in Fig. 3. After a search of semiconductor catalogues,

computer-aided design, building, and testing several prototypes, the parts

in Table 1 were chosen for a wideband protective circuit matched to a 50 0

transmission line.

The spark gap, series impedance, and diode Difollows the traditional

design shown in Fig. 1. The final inductor-capacitor section in Fig. 3 uses

an inductor and parasitic capacitance of nonlinear shunt elements in a way

similar to the circuit shown in Fig. 2. The rectifier diode D2 in Fig. 3 is

included to reduce the shunt parasitic capacitance provided by Dl in order

to extend the bandwidth (Popp, 1968; Clark and Winters, 1973). In addition

to having a small capacitance, rectifier diodes D2 and D, must have a small

forward voltage drop at high surge currents and fast turi-on time. Since D2

prevents Di from conducting during negative polarity, the rectifier diode 03

is included to provide clamping of the output port during negative polarity

svrges.

The series inductance is determined by Eq. I in order to match the

impedance of the transmission line. To match the network to a

characteristic impedance of Z0 - 50 (, the value of L3 would have to be 50

nH for a total diode capacitance of 20 pF. In Fig. 3, the total value of



impedance jw(L 1 + L2 + L3 ) between the spark gap and D, is too small to

provide proper coordination during surges with durations of at least tens of

microseconds (e.g., 8/20 ýs wave shape). Therefore, it was necessary to

insert a small resistance, R, to limit the current in the avalAnche diodes

and cause che spark gap to conduct during surges.

In order to improve the riatch between the protection circuit and the

transmission line a cascade of two passive inductor-capacitor sections,

Li/Cl and L2 /C 2 , were inserted as shown in Fig. 3 and as suggested by Garver

(1976).

Since the protection module is to be used to pass VHF frequencies, the

components must have good high frequency characteristics. For example,

ferrite-core inductors would be too lossy, so air-core inductors were used.

The air-core inductors were formed by winding copper wire with a diameter of

0.5 mm and plastic insulation into a single-layer coil of a few closely-

spaced turns with an inside diameter of 2.5 mm. The single-layer

construction reduces the parasitic shunt capacitance and raises the self-

resonant frequency of the inductor.

Our prototype circuit used devices in conventional packages, rather

than surface mount devices. Initially we were concerned that the diodes

should have a large surge current rating and that C1 and C2 should have a

large voltage rating. We were not able to obtain such components in surface

mount packages.

Magnetic fields from the surge current upstream from and inside the
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spark gap can induce undesirable voltage across the protected port by

coupling into loop area downstream from the gap (Ter Haseborg and Trinks,

1984; Standler, 1989). By placing the spark gap in a coaxial mounting in a

separate package upstream from the remainder of the circuit shown in Fig. 3,

we avoided the adverse effects of the radiated magnetic field from spark gap

currents.

As with any high-frequency circuit, component placement is critical.

The inductors Li, L2, L3 had a common axis to mimic a continuous

transmission line.

rf model for the diodes

We determined the component values for the circuit in Fig. 3 to

maximize the bandwidth and minimize the VSWR of the circuit in the passband.

To do the design, it is necessary to have a model of the diode network,

including parasitic elements, that is valid at radio frequencies.

Diodes DI, D2, and D3 (connected as shown in Fig. 3) have a complex

impedance that is mostly capacitive at frequencies below 40 MHz, with a

small resistive part. The parasitic inductance and capacitance of the

diodes provides a self-resonant frequency of the order of 500 M]lz. At

frequencies higher than the self-resonant frequency, the diodes' lead and

package inductance dominates and the impedance is all inductive.

To develop an appropriate diode model at VUF and UHF frequencies, a

diode network consisting of D1 , D2, and D3 were connected to a Hewlett



Packard model 8510A Network analyzer. The lead lengths were kept as short

as possible in order to minimize the parasitic inductanze and thus increase

the self-resonant frequency. Short leads also minimize the inductive

voltage rise that occurs for large values of di/dt of transient

overstresses. The lead lengths were only long enough to allow the diodes to

be soldered to the circuit card. The diodes' scattering parameters were

measured from 45 MHz to 1000 Vfz. A sinusoidal signal with an amplitude of

0.4 V across D3 and a dc bias of +2 V were chosen to insure that the dode

network was not forward biased for either polarity of input signal.

Measurement of the scattering parameters revealed the frequencies at which

the diode nutwork had series and parallel self-resonances. A series

resonance occurs at about 460 Mfz and a parallel resonance at 780 !WUz. The

value for the parasitic inductance of the network of all three diodes is

approximately 6 nH.

A better approach in determining the parasitic diode elements was

accomplished with the aid of microwave CAD software. Touchstone, a

microwave CAD program from the EESOF company, was used to generate the "best

fit" parasitic elements by comparing the model's s-parameters to those

obtait-ed from measurement. The element values are then iteratively found

from the s-parameters.

i! 'N
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small-signal rf performance

Depending on the particular application, the bandwidth and input VSWR

of the protection network can vary. For applications involving small

signals with a voltage between -0.5 and +0.5 V, the measured passband of the

protection network extends from dc to 198 ,U-z in a 50 0 system. The

insertion loss is 0.5 dB at 100 "Oz and the VSVR at port I is less than 1.5

from de to 160 MHz.

The 3 0 resistor, R, contributes 0.25 dB of insertion loss throughout

the passband. If this loss is objectionable, then a small capacitance could

be placed in shunt with R.

For applications involving larger signals, the diodes exhibit slightly

different characteristics. Under different dc bias, the diodes' capacitance

varies and the fixed parameters in the design modcl are not valid. In order

to characterize the performance of the circuit as a function of bias

voltage, a series of measurenents were made wich a Hewitt-Fackard Model

851CA network analyzer. Ie used a sinusoidal signal with an amplitude of

0.4 V across D3 and a dc bias of 2. 3, and 4 V. The forward transmission,

VS'R at each port, and phase response, all as a function of frequency and do

bias voltage, are shown in Figs. 4--7.

As shown in Fig. 4, the bandwidth decreases as the bias voltage

increases. With a +4 V bias, the bandwidth is 131 H.Hz, about 66% of the

bandwidth at zero bias.
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As shown in Fig. 5, the frequency at which the VSWR at port I is 1.5 is

about 158 M2z for bias voltage of 0, 2, or 3 V. However, the VSWR at port 1

is less than 1.5 for frequencies less than 66 KOlz when the bias voltage is 4

V. 7he VSWR at port 2, which is shown in Fig. 6, is slightly larger than at

port 1.

As shown in Fig. 7, the phase response is approximately independent of

bias voltage between 0 and 4 V. The phase response shows the self-resonant

frequency of the protection circuic.

The protection circuit may also be useful as a low-pass filter, for

example to prevent aliasing by an analog-to-digital converter and to prevent

upset of syitems connected to port 2 by noise or the remnant of a transient

overvoltage, Measurement of S21 shows that the transmission is less than

-32 dB for frequencies between 400 Si!z and I GHz, with a dc bias of 0, 2, 3,

or 4 V.

t would be highly beneficial if the protection module could perform

equally well in the reverse transmission mode: wben a signal is transMf .d

from the protected port (port 2) to port I. A bidirectional network i. -;al

suited for digital data line transmission and reception such as those found

in local computer network links or other bidirectional data buses. ";en

this circuit is used in the reverse ýransmission mode, both the bandwidth

and the phase response remain unchanged. However, the reflection

coefficient at port 2 is not the same as that of port I. The transmitting

source sees a slightly dlffe:ent impedance and so the VS7R is altered

slightly. To make thu optimal bidirectional circuit, the circuit should be
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g etrical: the protection diodes should be placed in the middle section of

the filter, is shown in Fig. 8, rather than at the end.

Use of surface mount diodes would reduce the parasitic inductance in

those devices and improve the rf performance of the circuit. We expect that

coating the interior of the shielded box that contcined the circuit with a

compound that absorbs electromagnetic radiation would Improve the rf

performance of the circuit, because removing the metal box increased the

attenuation :bove 400 MHz by about 10 dB.

This circuit was originally designed for protection of computer local

area networks that have a signal level between 0 and 5 V. The input of a

radio receiver would have a smaller range of signal levels, so diode D1

would not be necessary for that application. There are many variations on

the circuit in Fig. 3 that would be appropriate for different applications.

Surge Performance: large currents

To determine the clamping vnltage across the protected port, a number

of di4' -nt tests were performed with surge currents applied to port i.

The tc, schematic is shown in Fig. 9.

Surges with a short-circuit current waveshape of 3/20 As were generated

by either a Keytek model A24/PN 242 generator or a Haefely model PC-6-288

generator. The Keytek was used for peak currents between 50 and 500 A; the

Haefely for currents between 0.5 and 3 kA. The current in port I was

measured with an Ion Physics model CM-10-L current transformer. The voltage
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across the protected port was measured with Tektronix P6009 probes The

data were recorded with a Tektronix model 7612D programmable digitizer with

two 7A13 amplifiers. The digitizer samples both channels simultaneously at

a maximum rate of )ne sample per 5 ns. The digitizer was typically

programmed to r'eco:d 128 samples prior to the trigger event and 1920 samples

after the triggir event.

Fig. 10 is a plot of the output port voltage and input port current vs.

time. The applied input surge is the 8/20 Ws current waveform with a peak

at +535 A. The first 2.4 Ws of the surge illustrates clamping of the diode

a.:ray alone. 'hen the input current reaches 86 A there is 258 V across the

3 0 series current limiting resistor, R, and there is enough potential

difference across the the spark gap to cause the spark gap to conduct. When

the spark gap conducts, the surge cutwent increases suddenly because the

surge generator "sees" a lower impedance. The output voltage across the

protected port is clamped to *11,3 V prior to the conduction of the spark

gap. After the gap conducts and shunts current away from the diodes, the

voltage across the protected port tails to about 8 V.

The circuit was also tested with an 3/20 Ws wavefnrm with a peak :urge

current of +3 kA. The maximum output voltage across the protected port was

15.9 V. The spark gap condacted 0.32 ps after the surge began. When the

spark gap conducted the output voltage at the protected port decreased to

about 8 V. The protection circuit survived :epeated exposures to an 8/20 Ps

waveform with a peak current of 3 kA without det2ctable degradation of

either the rf performance or the clamping voltage.
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Surge testing: blind spot

Because the diodes are the most vulnerable components in the circuit,

it is critical to test the circuit with the maximum stress that the diode

network can tolerate without the spark gap conducting, Chle so-called "blind

spot". To determine the blind spot for a given surge waveform, a series of

surge tests are conducted, If the spark gap conducts, the magnitude of the

input current is reduced during the subsequent test. If the spark gap does

not conduct, the magnitude of the surge current is increased during the

subsequent test. For an 8/20 ps waveform, the largest peak current that

would not cause the spark gap to conduct was between 72 and 75 A. The

voltage across the output port is clamped to +10.4 V during the blind spot

tests,

Surge currents of negative polarity were also applied to the protection

network as shown in Fig. 10, For an 8/20 ps surge current with a peak of

-72 A, diode D3 clamped the voltage at -3 V. The blJ.nd spot current range

was found to be the same as mentioned above, This is reasorcble because

during a surge of either polarity the magnitude of the voltage across port 2

is much smaller than the peak voltage across port 1. Thus, the spark gap

does not "see" a significant difference in the magnitude of clamping voltage

owing to conduction of D3 during negative current surges or DI during

positive current surges.



Surge testing: nanosecond response

We measured the speed of response of our circuit with the test

schematic shown in Fig. 11. We used a rectangular surge voltage waveform

from a coil of 50 0 coaxial cable with a one-way propagation time of 0.5 Ms

that was charged to between 0.5 and 1.0 kV and discharged into the circuit

under test through a mercury-wetted relay. This generator had a rise time

of 0.6 ns. A T&M coaxial resistor with a value of about 0.14 0 was

installed so that the current in port 1 could be measured. We observed the

voltage across the protected port through a lOX coaxial. attenuator. The

waveforms were measured with a Tektronix model 7104 analog oscilloscope with

a 7A29 vertical amplifier and a 7B15 time base. The manufacturer's

specifications for these instruments give a system rise time of less than

0.35 ns. A photographic camera w'as used to record the CRT image.

A typical oscillogram of the voltage across port 2 as a function of

time is shown in Fig. 12. The voltage across the protetcted port reaches a

peak of 35 V, then decreases to a steady-state clamping voltage of abcut 8 V

less than 10 ns after the stress begins. The actual peak %,oltage may be

greater than that indicated in Fig. 12, due to limiting by the I GHz

bandwidth of the oscilloscope.

The maximum voltage across the prctected port was observed (with a

sweep rate of 2 ns/div and a charging voltage of 1 kV) to be 62 V, which is

much greater than that observed during stresses with 8/20 ps waveform. Such

overshoot is a common feature of transient protection circuits, although

such overshoot is often not observed simply because of inadequate bandwidth



in the oscilloscope, digitizer, or voltage divider and because of

insufficient value of IdV/dtl in the surge generator.

It is easy to understand why the clamping voltage is larger for a

rectangular pulse than for an 8/20 gs waveform, The rectangular waveform

used in tLis test has a value of dV/dt that is three orders of magnitude

greater than that of the input voltage during the 8/20 gs waveform. The

8/20 ps waveform does not have a sufficiently large value of dV/dt to allow

the response time of the diode network in our circuit to be measured.

There are two causes for the large clamping voltage for the first few

nanoseconds of the overstress. A rectifier diode D2 has a much longer

response time than does the reverse-biaseO avalanche diode D, (Clark and

Winters, 1973). The large packages of D, and D2 have a total parasitic

inductance of about 10 nH. This inductance prevents instantaneous

conduction of the diodes. We attempted to minimize the response time of D2

by specifying an "ultrafast" diode and connecting it with minimal lead

length. Surface mount devices would reduce the parasitic inductance, but we

do not know how to further decrease the turn-on time of D2 .

For this waveform, the largest short-circuit current was only

1 kV/50 0, or 20 A. With this small current it was not possible to observe

a change in the voltage across the protected port when the spark gap

conductcd. By observing the voltage across port 1, we were able to

determine that the spark gap conducted between 7 and 10 ns after the

beginning of the rectangular pulse.



--.. .- •-W - - -a= = CZ ,R•.tC- -6 S-- . - . .-P sop -0. g -

CONCLUSION

The circuit shown in Fig. 3 has a lower input VSWR and has two orders

of magnitude wider bandwidth than the traditional overvoltage protection

circuits that were discussed in the introduction, while maintaining surge

current handling capabilities and tight output clamping. This new circuit

shows promise in protecting electronic systems that require a large signal

bandwidth from damage by transient overvoltages.
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Table 1

Ceneric parts for circuit in Fig. 3

spark gap: 220 V dc in coaxial mount

R 3.0 0, 1 W carbon composition

D1 1N6373 6.8 V avalanche diode (transient suppressor)

D2 , D3  IN5806 ultrafast-recovery rectifier diodes

L1 27 nH, air core

L2 19 rin, air core

L3 62 nH, air core

Cl  1i pF, mica

C2 20 pF, mica
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Figure Captionj

Fig. I Basic overvoltage protection circuit.

Fig. 2 Overvoltage protection circuit matched to impedance of

transmission line, as invented by Schlicke. The varistor could be

replaced by diodes.

Fig. 3 Overvoltage protection circuit designed by authors.

Fig. 4 Magnitude of forward transmission, S2 1 , for circtiit In Fig. 3 as a

function of frequency for four different dc bias voltages: 0, 2,

3, 4 V across D3 .

Fig. 5 Voltage standing-wave ratio (VSWR) at port I for circuit in Fig. 3

as a function of frequency for four different dc bias voltages: 0,

2, 3, 4 V across D3.

Fig. 6 VSWR at port 2 for circuit in Fig. 3 as a function of frequency

for four different dc bias voltages: 0, 2, 3, 4 V across D3 .

Fig. 7 Phase of forward transmission, S2 1 , for circuit in Fig. 3 as a

function of frequency for four differet~t dc bias voltages: O), 2,

3, 4 V across D3 .



VXZin 90- flThTIDI _IramT _ S- p 19899 -a.20

Fig. 8 Symetrical circuit for optimal bidirectional sig"l propagation.

This may not be a good overvoltage protection circuit, because the

voltage is not tightly clamped across aither port.

Fig. 9 Schematic for surge testing with 8/20 ps wavform. True

differential amplifiers were used for both channels A and B to

avoid errors owing to comon-mode voltages.

Fig. 10 Output voltage across port 2 and input current into port I as a

function of time. The surge begins at t - 2.4 As: the spark gap

conducts at t - 4.8 As.

Fig. 11 Schematic for determining the response time with a rectangular

waveform with a rise time of 0.6 ns. All connections were made

with coaxial cable with a characteristic impedance of 50 0. The

amplifiers for channels A and B were Tektronix model 7A29, which

has a 50 0 input impedance, in a model 7104 mainframe. Only one

channel was connected for each surge in order tr avoid ground

loops.

Fig. 12 Digitized oscilloscope trace from the test schematic sho;.-n in Fig.

11. The voltage across port 2 is shown as a function of time.

The oscilloscope display scales were '; V/div and 5 ns/div. The

transmission line was charged to 500 V.
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SESSION 4C
0ALCJ1AT!0O1 OF LENERY 14' ThAkNS!LNT OVERVOL.TAGES

Ron~ald A. Standler
Department of Electrical Engineering

Trho Peirtaylvania 5tato University
University Park~, PA 16802

11. flEPDANCZ OF T119 MAINS

ATMC~There have been many measurements of the impedance
between either the hot or neutral conductor and the

There have been many e'a~sursmants of the voltage, grounding conductor of the lov-voltsgo mains (3-61.
V(t), between the hot conductor in the maitsi and There are several general conclusions that can be drawn
ground. This paper considers the calculation of the from these measurements. Probably the most important
energy in a t~snsient o%.rvoltagt from the tim is that the impedance of the mains is a function of
integral of V(0)/2, where 2 has the default value of feUency. At frequencies below about 20 k~z the value
50 0. Such a. calculaetion La often used in anialysis of of ?zi is small, e.&. less than 5 0. At moderate
data from recordings -3C transient overvoltages. There frequencese, between about 20 kd~z and I Wzt, the
are several ohjections ro this meothod: Z is a function impedance of the mains tends to increase as frequency
of frequency and postibly of voltage, and this increases. At high frequencies, between about I MHz
calculation does not measure the total energy in an and 20 KHz, the Impedance of the mains tends to be
overvoltage. A quantitative error analysis is approximately Independent of frequency; the magnitude
presented that uses an artificial mains network to of Z can vary from about SO 0 to about 300 0. The
simulate a long branch circuit and to give the value of Z at high frequencies often contains a
Impedance of the ý4ains as a function of frequency. substantial reactive part, but the value of the

reactive part depends stro.,igly on the loads chait are
I. INTRODUCTION connected to the mains and is therefore not

Knowled~e of the energy contained in transient reproducible from site to site.
overvoltagee, for exeample on the mains, is an impovtant lecause the impedance of thlu uains is a strong
parameter in dasi~ning and testing circuits for fun~ction of frequency, it would appear necessary to use
protection from overvoltages. Few measurements of a Fourier transform to evaluate WE. one can transform
energy in transisr~t ivervoltages have been published. V~t) to V(w). V(w) is then divided by Z(tw) to get the
However, there a:% many measurements of transient current, 1(w), The current is thon transformed back~ to
overvoltages on the mains. Can one calculate the the time domain, I(t). FinAlly the value of
energy in an over~oltage from measurements of voltage I V(t) 1(t) dt

alEh by usin Eq. I? is computed. While this is better than using Eq. 1V E 2(t)Z dtwith A constant Z. it is still not useful for practical
In Eq. 1, V(t) is the measured voltage as a function of situations. The value of the impedance, %(j) Is
time and Z is the impedance of the mains. The rarely known at the site of transient overvoltage
subscript 9 on WE in Eq. I indicatesa that W E is an measurements. Furthermore, the impedance of the mains
estimate of 1h.% *-ii~rgy, to distinguish it from the true will change with times owing to connection and
value of the anargy, W. disconnection of load.s [7, 81.

Using Z - 50 0 is ak bad choice at frequencies
One manufiscturer of mains disturbance monitoring below about 10 kHz, since measurements show that the

equipment pri:.ts the energy chat is calculated from Eq. actual Impedance is often between about 0.4 end 5 0.
1 with the ve@'ault valuo for Z of 50 0, a real - Apparently it is not widely appreciated that comon
constant. Meissen [1: used Eq. I with Z -- 50 0 to find overvoltage waveformx have appreciable energy at low.
the energy content of transient overvoltages on the frequencies. The Fourier transforms. .'(w). of several.
mains. Goedbloed (2) used cotsmon overstress test waveforms are shown in Fig. l

f ';2 dt These transforms were computed analytically in !9ý
as a measure of the energy, but properly stopped short Fig. 1 clearly shows that most V(w) have a relatively
of specifying a value for Z. In dr~afts of the revision large value between dc and a corner frequency between
of ANSI 062.41-1980 in 1987, W. Rhoades proposed the 100 Hz and 100 kHz,
use of Eq. 1 with Z - 50 a to calculate energy from_____________________
measured voltage waveforms. It certainly would be I.....
desirable if the energy could be calculated from these ¶, 2/5. us
meo3urements of voltage.

Vs~~

Tbere are four general areas of concern about the
validity of this technique: > '

the impedance of the mains, Z, is a function of "'

frequency., \ "
2. Z may be a function of voltage (flashover of

insulation, conduction of varistors), -4 I
3 . wEdoes not represent the energy in the transient

overvoltage, and
(I. the relative location of the source of the ,- 2

overvoltage, other loads, and the measurement
point are usually unknown during measurement of '-eo'.a~cy -Z

J( ).Fig. I Frequency Spectra of five common overstress
tesat waveforms. The 3 dB reference level is I V or

Each of theme topics Is discussed In this paper. A 1 A. The peak voltage is 6 kV for both the 1.2/50 As
quantitative error analysis of the use of Eq. 1 is and 100 kHz Ring Wave, 4 kV for the Err, and 0.6 kV for
presented, with Z - 50 0 end sevsral standard the 10/1000 As wave. The peak current is 3 kA for the
overvoltage test waveforms. 8/20 As wave. The 1.2/5,ý us wave Is shown as a dashed

line to cicarly distinguish it from the others,

CH2736-7/89I00000217 $1.D0 C198g IEEE 217
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Ill. Z AY It A IUNCIOX 0 VOLTACU (2) it is not possible to find the conductors that

contain the entire surge current.
When there are no surge arresters at the point of

entry, lightning strikes to overhead power lines can There is yet another problem in calculating and
cause flashover of insulation insido nearby buildings. interpreting WE, In a single.phase three-wire branch
Flashover of outlers on the low-voltage mains usually circuit, for example, one may get different results
requires peak voltages of the order of 4 kV to 6 kV. from Eq. 1 if V(t) is the voltage between che hot and
When flashover oceurs, the impedance "seen* by thm grounding conductors or if V(t) is the voltage between
transient overvoltage will decrease to lees than a few the hot and neutral conductors. The common-mode
ohms, It is well-Ianown that the voltage across an arc overvoltage appears between both the hot and the
is of the order of 20 V and is approximately neutral conductors and the grounding conductor, while
independent of current. If a transient current of the differential-mode overvoltage appears between the
100 A passes down the line, the impedance seen by the hot and neutral conductors. It is not possible to find
transient is 20 V/100 A, or 0.2 0. This value is much the total energy in an overvoltage in a three.wire
less than 50 0. circuit by measuring the potential difference between

It may be argued that flashover of insulation is Just two conductors. One must measure the potential
not ayn. boe ruerd thet flasgeotrasietnsvlatoioagis differences between two pairs of conductors to get thenot colmon. However, the large transient ovex-•oltages opee-itrbtti srrl oei il

that are associated with flashovers may be associated complete picture, but this is rarely done in field
with unusually large energy transfers from the sour:e, studies of transient overvoltages.

Modern electronic systems may have one or more Should the normal mains voltage be subtracted from

metal oxide varistors in them to limit the voltage the value of VW before calculating WE? The two ways
during transient overvoitages. These varistors may be of calculating WE could yield significantly different
in boxes or outlet strips that are installed results. Consider the fictitious example where V(t) is
specifically for protection against overvoltages, or a rectangular pulse of 300 V amplitude with a duration
hey may be hidden inside the chassis of electronicwith Z - 0 0

equipment (indeed, this is good engineering practice), gives WE - 0.05 J. However, one gets a different
equipmnt (ainterdconductisa uodrentineerig o preth . result if the mains voltage is subtracted from the
1' n the varestor conducts a current of more than total voltage to get the voltage "'n the transient.'
10' A. the effective value of Z at the varistor Will DO If the same overvoltage occurs when the instantaneous
reduced to less than 5 0. There arc two conaequences value of the mains voltage is 150 V and the mains
of this: (1) calculations of WE will seriously voltage is subtracted from the total, then V(t) - 350 V
underestimate the value of the energy in the varistor, voltage is a fo th totalut 50t sm3l0er
and (2) few, if any, overvoltages will ')e observed that and one gets ti f 0.024 J, which is about but smaller.
have a large peak value, e.g., greatsr than 500 V. The One can Justify either method, but considering theseodcneunehas been discussed in [l0}. total voltage may be preferable because that is what
second consequence h.suge protective devices and equipment are exposed to.

IV. EMEEGY IN WAT I As a practical matter during measurements, subtraction
of the normal mains voltage requires insertion of extra

Despite the problems discussed above, one msight circuit elements (eg., series capacitors in a high-
manage to properly calculate the energy from pass filter, operational amplifiers in an active
measurements Of V(t) and Z(p). One might then ask filtLr) that often compromise the response of the

"-hat is the significance of this calculation ?". circuit above I KOz.

If V(t) were a voltage waveform that was V. IS V A USEFUL APPROXINATION I

propagating in one direction on a transmission linewith a characteristic Impedance of Z - 50 0, then WE As stated in the introduction of this paper, It
with a characteristic imtedtranceofgZrave0. thn pont would be desirable to be able to estimate the energy
where V(t) was measured. from existing measurements of voltage during surges.

In the foilowing paragraphs the difference between WV,

But this simple interpretation is not realistic. fron Eq. 1. and the true energy from the source of the

most overvoltages have a duration of at least a few overvoltage is calculated for an example of an

tens of microseconds. During this time, the voltage over-voltage that propagates on one branch. An

waveform can tiavel several kilometers, which is much artificial mains network is used to model the impedance
longer than the size of most buildings. Therefore, he of the branch circuit. The effects of three differentlgeasured than illbe the siue of mot uildin. Ther , loads and four different waveforms are also considered.
measured V(t) will be the sum= of multiple waves,

craveling in both directions, that have been reflected artificial mains neLyX.

from discontinuities in the impedance of the
transmission line, which are caused by various In order to make reproducible measurements of

electrical loads on the branch circuits, conducted emissions of noise from equipment connected
to the mains, it is necessary to have a standard mains

There does not appear to be a simple answer to Impedance. Such a circuit is called an "artificial

this questior about the significance of W mains setwork" or a "line Impedance 'tabilization
i .network* (LISN). The official artificial mains network

Martzloff and Cruss 'll} briefly considered this specified in [12-141 is shown ir. Fig. 2. In Fig. 2 the.atlf and, thez grondng brifl conidre neutrs Iodcor
issue and concluded that one could determine the energy hot, the grounding, and the neutral conductors are

deposited in a particular device, but could ma labeled H, G, and N, respectively. The impedance at

determine the total energy in the transient low frequencies is modelled by resistances of 5 0 and

overvoltage, 10 a between each line and the grounding conductor.
The Impedance at moderate frequencies is modelled by

In a laboratory environment it il possible to inductors in series with osch line, together with the

measure the total energy in a transient overvoltage, resistors. The constant impedance at high frequencies

The simplest way Is to measure the current and voltage is modelled by a 50 0 resistance shunted between each

at the terminals of the source of the transient line and the grounding conductor. One of the 50 0
resistances is the impedance of a voltmeter in the

overvoltage. However, this technique is usually not conventional use of the network in Fig. 2. the other
applicable in a natural environment because (1) it is 50 0 resistance is a used to maintain the balance of
not possible to identify the location of the source or the circuit.
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2.l~H 5tM aaaurtmanta (6, 15, 16. of the characteristic

H impedance for propagation on the hot and neutral
1 i 4 ;_ F02 condluctors for three o~nductor cable th~at is commonly

to0 Man 0 oEL'i* u~sod in single-phase branches mauid.t buildings give a
Ilia value of about 100 0 for propagation on the het and

__________neutral conductors. These measurements agree with the
differential -mode impeodatce at high frequencies of the

The network in Pig. 3 is only used for
N $01,11 calculations of differential-mode voltages because no

Fig.2 Te Arifiial&&I"netorkspecfie ininductaince in shown in the grounding conductor. In the

Fig.14 2fo rtfia ue ain e testinglaboratiory. convantionral use. of an artificial mains network to
12-14 foruse n a eatig laoratry.measuIre conducted noita from equipment, inductance in

Thu etwrk n Fg. isfor se n ta fequncy the grounding conductor is not necessary, since. the
band netwern 10ind 150ig. 2sfor use.. d.inn a whferuenc ground is a metal plane on A laboratory bench.

parasitic effects of components are unimportant, the
network should be accept~able for frequencies up to I&1ItU Andlo ~ads
30 M~z The most favorable mitusation for comparing WE to

The capacitors, shown in rig. 2, pravent the the true energy delivered by a transienC 6vervoltage

normal mains avesvform, which usually has a frequancy of occurs when the source of the overvoitage is contiguous

50 Hz or 60 Hz, from dissipating appreciable power in to the points where V(t) is iseasurod. This situation

the shunt resistances. Those capacitors cause the will be discussed first, later & more realistic

imosdance of the artificial mainsm networkc to increase situation will be discussed.

as the frequency decreases below 7 Mhz. which Is
contrary to the actual behavior of the imspedance of the' In the schematic of Fig. 3. the source of the

mains. To use this artificial mains networkc in over-voltage is represented by a Thevenin equivalent

calulttnaof the Impedance of the mains at low circuit, whore Rn is the output resista~ice of the

frquecei sdsrbetormv h aaios voltage source. F'our different standard ovetvoltagefreqencesit n deirale o rmovethecapcitrs, test weveforims were used:
as shown in Fig 3. 1. a single pulse from the lEC 801-4 electrical fast

i ~ AO transeient (EFT),
R 0 1.2. the 100 k~z Ring Wave defined in ANSI C62.41-1980.

III)3. thwi 1.2/50 Ms voltage waveform,. and
4. the 10/1000 ps waveform.

sourct The Err has. a duration of 0.05 ps and representa a
-- single pulse in a showering are, such aa generated by

- switching an inductive load with moving switch
I Vill 30 sn 100n contacts. The 100 kNZ Ring Wave represents

I ~overvoltages that are commonly observed on branch
I IT'circuits inside buildings. The 1.2/50 gss waveform is

S 2c ZOIH the standard lightning overstress. The 10/1000 4ss

ailificiai mains nctwork waveform is used to simulate overvoltage3 that have

Fig. 3 Artificial mains net-work for u~se in long durations.

calculations in this paper. Three different loads were used durin'g the

A plot of Z - jv(()/I(w) I as a function of calcu latond(oesrui)
frequency for steadY"stat@ sinusoidal excitation is 2. no load + opendcrui)
shown in Fig. 4. This plot should be" compared with 3. 0. 1,F 4. 200 0 .n
Fig. 1 to appreciate that Z is not 50 0 over most of 3.i 0.2 iat &1. 2000.redta a3 oseoe

the egin wereoveeoltg~shav appecibleenegy. induction motor had an impedance of 40 + 188J 0 at
. ......... ......... ............- 5 k}~z, which was the inductive load used in these

calculations. The capacitive load used in these
- calculations was an approximate characterization of a

small telovision receiver. I

1 ' The error caused by different values of the
impedamnce of the mains and a load can bc, estimated by

2! the following calculations.

"Alý 21ero

/ . The true energy transferred from the source. W, is
- / calculated from Eq. 2, where V(t) is the voltage across

/ the load and I(t) is the current through the source
when the artificial mains rnetwirk and the load are

C" connected.

Th etiatd 4 V(t) I(t) dt (2)
ne etimtedenergy, UE, is calculated with Eq. '. and

.. . Z - 50 0, where V(t) is the voltage across the load
when the artificial mains network and the load are

F1&.4 Plot of jZI vs. frsqutnc'" of steady-state connected jst shown in Fig. 3. The current and voltage

excitation "or the circu~it shown in Fig. 3. were calculated by the circuit simulation program

A iogaritthmiC scale is used fcr frequency.
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Table 1

True and Eatimiated Energy in
differential.mode Overvoltage

Overvoltago WAvefor& And Tre Ener•y Estiaiced Cter•y katio
Load Iapedat/.6 W WE W/'e

5/50 na EFT waveform, 4 kV peak, Ro 0 50 0
no load 2.7 Wa 5.2 mJ 0.507
6 W4 + 40 0 2.7 fJ ".2 M3 0.-07
0.2 AF 11 200 0 41 W 30 j 1.36

0.5 ps-100 kiz ring -vaeform, 6 kV peak, A -:
no load 0. 1 j 1.3 J 0.606
6 mH + 40 0 0.81 1 l.3 3 0.606
0.2 AF II 2000 0.41 1 0.46 - 0.896

1.2/50 Ms waveform, 6 kV peak, Ro - 3 0
no load 82.3 J 14.2 1 5.80
6 &H + 40 a 83.7 J 13.8 3 6.08
0.2 ;.v I I 200 -1 84.1 J 1.3.8 J 6.08

10/10)0 j•s waveform, 800 V peak, R0 -10 0
no load I.1 I 1.( J 7.82
6 m.H + 40 0 10.7 J 1.2 1 8.90
0 2 pF II 200o0 11.03 1. 8.07

PSPICE. version 3,06. The value of W was calculated by
a trapeloidal rule integration using the values of V .. .. to..
and I from the ISPICE program. The results are gi.ven
in Table 1. The ratio W/W is useful *a & correction ,.
factor: when WE is multiplied by this factor, one
obtains the true energy from the output tarisinals of I .

the source.

The results are easy to interpret. First, "I --
consider the LFT wavefore. When the load ham a large
impedance at high frequencies (no load, motor load),
the value of W is about twice the value of V. By
inspection of Fig. 3. it is easy to see that the
differentiale-iode impedance seen by high frequency
terms from the source is 100 0, not 50 0 used in the
calculation of WE, This ratio of values of Z accounts '
for the fact that W/WE is not unity. The problem is
not in the circuit chosen for Fig, 3, since this
differential-mode impedance agrees well with -p-
measurements of actual branch circuits, as discussed Fig. o simple representative circuit diagram for
above. When the load has a small impedance at high propagacion of o~ervoltaes inside a

frequencies (e.g.. 0.2 pF load), the value of WE tends building. The cylinde:s represent ideal

to be smaller than W. tran&,,issiOn lines with a c.,aracteri~tic
impa'ance of 100 0.

For a long duration waveform. such as the
10/1000 Ps wave, the impedances of the 50 gh and 2A w.i sour c n 2 ifrtl brAnch an 11= Alg measurement

series inductances in Fig. 3 are negligible compared to
the resistance values. The differential-mode impedance When the source of the overvcltago is unknown, the

has a low-frequency limit of 6.25 0, which is a factor measured voltage data would rarely come from a point

of 1/8 of the 50 0 value used in tne computation of W " -hat 4as contiguous to the source as in Fig. 3. A more

This ratio of impedances accounts for most of the ratio typical situation is shown in Fig. 5. An overvoltage
of W/WE. source is located at point A on one brAnch. There are

six other branches, which are terminated by loads Z,

The results for the moderate duration waveforms through Z,. Point a in Fig. 5 represents
fall between the two limiting cases of the EFT and distribut on panel in the building where t&.

10/1000 P&s waveforms, overvoltage originated. The voltage V(t) is measured

across the load on one of the branch circuits.
Where the source of the overvoltage is contiguous

to the measurement point and there are no varistors or
flishove.r, the ratio of W/W is between 0.5 and 9 for When the overvoltage reaches point B, it splits
th4 12 cases presented in tits paper. 'While these Lnto eight parts. One part propagates out of the
correocion factors might seem to indicate that WE could building into the utility network. One Vart is
be used as a crude estimate of W, these factors were reflected back toward the source of the overvoltage by
obtained from the unrealistic assumption that the the liscontinui-y in impedance at point B. The other
measuring point for V(c) was contiguous to the source six parts propagate on the transmission lines that
of the overvoltage and that there were no reflections. represent the b-anch circuits inside the building.
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The utility network may be sodeled by the

artificial mains network shown in Fig. 3, with two
changes. (1) Th. output impedance of the utility
network at low frequencies (1.a., < I kh4.) is modelled
by a 0.4 0 resistance and a tozal inductance of 800 4H
as described in (171. A conventional artificial mains
network for laboratory use has such a ,sall
differencial-.oda component when the maina are
connected to the network. (2) lecause only .. .
differential-moda voltages are considered, the
connectiows to earth in Fig. 3 are deleted in Fi. 5.

The pair of 50 0 resistors In the artificial mains j
network that account for the characteristic impedance
of the cable At high frequencies match the 100 0
charadc•ristic inmedance of the trmansmi-sion line.
This prevents reflections of high-frequendy information Fig. 6 Circuit diagram for experiment to measure
at the junction between the continuous and lumped- energy deposited by overvoltages in two metal oxide
element representation& of the transmission line. varistors connected to the mains. A pair of current

transformers and digital oscilloscopes measure the
Vaves on the transmission lines are reflected from currents in the hot and neutral conductors, iH and IN.

impedance discontinuities presented by loads that are A pair of voltage probes and digital oscilloscopes
connected to the branch circuits. The multiple measure the voltages between the hot and grounding
reflecciors in this type of nec-ork will generate an conductors, VHC, and between the neutral and grounding

oscillatory voltage waveform across each load, even conductors, VqC.
when the original overvoltage is unipolar [91. In the
limit of long times, the transoission lines may be There are several reasons why the energy
neglected: steady.state circuit analysis will be dissipated in a varistor will be less than the total
adequate ý9, 151 to describe the voltages, currents, energy in the turge. Some of the energy in the surge
and energy [n Fii. 5. will propagate on other branches and may be absorbed in

ocher varistors and resistive loads elsewhere in the
For simplicity, only one load is shown on each building. So•e of the transient voltage will appear

Sranch circuit and no additional buildings are shown across the resistance of the building wiring and
connected to the utility network in Fig. 5. although dissipate energy in the resistance of the wire. Uile
Lhese additional features may be necessary for A the varistor will prevent flashover at the measurement
realistic calculation. point, it is possible that flashover might occur

upstream from the varistor. The measured energy in the
In order to make an accurate estimate of energy varistor is a lover bound for an estimate of the total

from measurements of V(t), it would be desirable to energy in the surge.
obtain a correction factor. V/WE, from calculations of
voltages and currents in a representative circuit, such It would be desirable to increase the fraction of
as the one shown in Fig, 5. However, this is not surge current that is measured, and thus make the
feasible since both the length of the branch circuits energy that is measured in the varistor be a better
and the complex iopedance of the loads that were approximation for the total energy in the surge.
connected to the mains in the building where V(t) was -here are two ways to do this. (1) For experimental
measured are usually unknown, purposes, one might choose varistors with the smallest

clamping voltage that will not conduct appreciable
VI. EASURE kV ENERGY DEPOSITED IN VARISTORS current during normal mains operation. This may

decrease the magnitude of the current in other surge

Attempts to estimate energy from transient protective devices that may be in che environment. (2)
overvolcages across unspecifl.i branch circuits may be The varistors should be mounted near the circuit
desirable in order to get as much information as breaker panel at the point of entry. On average, the
possibla from previous measurements of rare distribution panel is the closest point to a source on
overvoltages. However, future measurements of an unspecified branch. Overvoltages that propagate
uvervoltages across the mains shoild be done with a toward the point of entry will *see, the varistors
representative protective device, such as a metal oxide before appreciable overvoltages propagate away from the
varistor, at the measurement point. :t is no longer in distribution panel on other branches of the circuit.
doubt that overvoltages exist. Numerical data are now
needed on how to use appropriate devices to protect VX1. CONCLUSIONS
vulnerable systems from overvoltages.

In the introduction of this paper the question was
Standler (181 described an experiment to deterzine posed: "Can one calculate the energy in an overvoltage

the energy absorbed in metal oxide varistors that are from measurements of voltage alone ?

connected across the mains as shown in Fig. 6. Both
the current and voltage are measured in each varistor hlere the source of the overvoltage is contiguous
with a four-channel digital oscilloscope. (This to the measurement point and there are no varistors or
experiment is now entering its third year; results will flashover, calculating W. with Z - 50 0 could be used
be published in future papers.) as a crude estimate of U. However, the assumption that

the measuring point for V(t) was contiguous to the
source of the overvoltage is unlikely to be valid in

:n addition to being a relevant experiment, using most situations. Mhen the source And the measurement
varistors at zhe measuring point can prevent damage to point are on different branches, ',r is not a good
-he instrueentation by transient overvoltages. -.1h. approximation for V. This alone makes the calculation
varistori also can be used to compress the voltage of energy from measurements of voltage alone an
scale so that common events are in the middle of the unrcliable orptation. Consideration of flashover and
voltage range, while rare events that have a large the effects of surge protective devicse in the
energy are not beyond the full-scale voltage. en'ironment will further weaken the relationship
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bW. Furthersore, the coon-sode and SESSION 4C
differantiallmodft voltages are irretrievably mixed in i n .. Mlc,"~pyt
any measurement of a single voltage difference in a Comen~ts by' R.A. Southwick', IMZ Itang, . .,

three-wire syscem, which further complicates the 15•199, tw 1973,
interpretation of Iin thse situations. (81 RA. Fiat- ,Intrabuilding Data Transmission

The total energy in the transient overvoltage i Using Poc :.Lin.a Wiring," )ewlett.Pitkzrd

still of interest as a "worat-case" exposure for a jiAl. :,1:35-40, Mty 1987.
protective devi•e. However, as uxplAind in this
paper, there is little hope of being able to accurately (9] RA. St.andler, Pra.taien 21 Eectrpnic Circuits
determine the total energy In a transient overvoltage " OLvr •,o2tape, ' iley-Interscience, New York,

except in a laboratory environment. 429 pp., 1989.

A method for moasuring energy dissipaced in a :.10] F.D. tartiloff, "Discussion of: Rural Alaska
varistor is advocated for us* in future oxpariments. Power Quality by Aspres, Evans, " Herritt,"
While measuring the energy it, a varistor avoids many of IMZ.Z Tra a2Zf j Power Ag ratu AZDA £2 _ m,

the problems associated with WE, the energy dissipated 104:618-9, Hrch 1985.
in a varistor is also an underestimate of the total
energy in the transient overvoltego. (11) F.D. alrtzloff and T.K. Gruzs, "Power Quality

Site 7urveys: Facts, iction, and Fallacies,"

Ac~OuLtDG~mE1= I riE mfl ry Auoi'aiong SQo.iaX 1fl41&ri~l.J *134
SPower Cont•frefae, Nashville, TV, pp.

It is a pleasure to acknowledge helpful 21-33, K.ay 1987.
discussions with F,D. Hartzloff, F, Richman,
R.M. Showers, and D. Shakarjian. This work was (12) American National Standard C63.4-1281, "Methods
supported by contracts from the U. S. Army Research of Measurement of Radio-Noise Emissions from Low-

Office and the Allegheny Pcwer System. Voltage Electrical and Electronic Equipment in
the Range of 10 k~z to I GHz."
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